FILE  COPY 


ESn-TR-75-3l3 


ESO  ACCESSION  LIST 

DRI  Call  No. 

Copy  No-  ! of  (;^g 


4 


Solid  State  Research  1975 


Prepared  for  the  Department  of  the  Air  Force 
under  Electronic  Systems  Division  Contract  F19628-76-C-0002  by 

Lincoln  Laboratory 

MASSACHUSETTS  INSTITUTE  OF  TECHNOLOGY 
Lexington,  Massachusetts 


Approved  for  public  release;  distribution  unlimited. 


The  work  reported  in  this  document  was  performed  at  Lincoln  Laboratory,  a center 
for  research  operated  by  Massachusetts  Institute  of  Technology,  with  the  support 
of  the  Department  of  the  Air  Force  under  Contract  Fl%28-76-C-0002. 

This  report  may  be  reproduced  to  satisfy  needs  of  U.  S.  Government  agencies. 


This  technical  report  has  been  reviewed  and  is  approved  for  publication. 


FOR  THE  COMMANDER 


Chief,  ESD  Lincoln  Laboratory  Project  Office 


Non-Lincoln  Recipients 
PLEASE  DO  NOT  RETURN 

Permission  is  given  to  destroy  this  document 


when  it  is  no  longer  needed. 


MASSACHUSETTS  INSTITUTE  OF  TECHNOLOGY 


LINCOLN  LABORATORY 


SOLID  STATE  RESEARCH 


QUARTERLY  TECHNICAL  SUMMARY  REPORT 

TO  THE 

AIR  FORCE  SYSTEMS  COMMAND 


1 AUGUST  - 31  OCTOBER  1975 
ISSUED  2 MARCH  1976 


Approved  for  public  release;  distribution  unlimited. 


LEXINGTON 


AIR  FORCE  CO  MARCH  19/  1976—570 


MASSACHUSETTS 


1 


T 


A 


ABSTRACT 


This  report  covers  in  detail  the  solid  state  research  work  of  the  Solid 
State  Division  at  Lincoln  Laboratory  for  the  period  1 August  through 
31  October  1975.  The  topics  covered  are  Solid  State  Device  Research, 
Quantum  Electronics,  Materials  Research,^  Microelectronics,  and 
Surface-Wave  Technology.  Funding  is  primarily  provided  by  the  Air 
Force,  with  additional  support  provided  by  the  Army  (BMDATC), 
ARPA  (MSO,  IPTO),  NSF,  and  ERDA. 
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INTRODUCTION 


I.  SOLID  STATE  DEVICE  RESEARCH 

Single -mode  GaAs  p^-n  -n^  optical  striplines  have  been  fabricated  with  a loss 
coefficient  of  1.2  cm  at  1.06  pm.  The  p -n  junctions  have  shown  sharp  reverse - 
bias  breakdown  characteristics  at  average  electric  fields  in  the  n guiding  layer 
of  1.5  X 10^  V/cm.  These  results  suggest  the  feasibility  of  developing  GaAs  modu- 
lators, directional  couplers,  and  optical  switches  having  lower  loss  than  those 
reported  previously. 

Sheet  carrier  concentration  and  mobility  for  various  implant  temperatures  have  been 

13  14  -2 

determined  for  GaAs  samples  implanted  with  1 X 10  and  1x10  Sn  ions  cm 
14  -2 

For  1 X 10  Sn  ions  cm  and  implant  temperatures  in  the  range  100®  to  500  ®C,  the 
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sheet  carrier  concentration  and  mobility  were  1.8  x 10  cm  and  2400  cm  /V-sec, 
respectively. 

CW  operation  of  a tunable  PbSnTe  double -heterostructure  (DH)  laser  grown  by 
molecular-beam  epitaxy  has  been  obtained  for  heat- sink  temperatures  just  above 
77  K.  The  emission  wavelength  of  this  DH  diode  laser  varies  from  10.1  pm  at 
liquid  helium  temperature  to  8.29  pm  at  77  K,  giving  a temperature  tuning  range  of 
1.81  pm  over  the  region  of  CW  operation. 

Large  bulk  single  crystals  of  PbS  with  carrier  concentrations  as  low  as  2.8  X 
10^^  cm  ^ have  been  prepared  by  using  a two -temperature  zone  annealing  technique. 
Evidence  for  a relatively  high  degree  of  carrier  concentration  homogeneity  was 
obtained  from  CO^  laser  transmission  scans. 


II.  QUANTUM  ELECTRONICS 

Room -temperature  operation  has  been  obtained  in  two  new  stoichiometric  neo- 
dymium materials:  NdAl^(BO^)^  and  KNdP^O^^*  neodymium  pentaphos- 

phate  (NdP^O^^),  the  high  Nd  concentration  allows  miniature  laser  operation.  In 
addition  the  lack  of  inversion  symmetry  makes  possible  harmonic  generation  and 
electro-optic  modulation  in  the  laser  crystal. 

Photo  luminescence  due  to  recombination  of  excitons  bound  to  Te  impurities  in  CdS 
was  studied.  Spectra  and  time  decays  were  observed  for  excitons  bound  to  single  Te 
impurities  as  well  as  for  excitons  bound  to  nearest-neighbor  pairs  of  Te  impurities. 

Nearly  75  mW  of  CW  second-harmonic  power  has  been  obtained  on  doubling  CO^ 
radiation  in  CdGeAs^*  The  crystals  were  antireflection  coated  with  ZnS  on  the 
entrance  and  exit  faces.  Most  samples  withstood  CW  power  densities  in  excess  of 
2X10®  W/cm^. 


I 


Tripling  of  CO^  laser  radiation  has  been  observed  in  SF^,  BCl^,  and  CO.  In  the 
case  of  and  BCl^^  sl  vibration  fundamental  was  resonant  with  the  first  harmonic 
of  CO^,  while  for  CO  the  fundamental  was  resonant  with  the  second  harmonic.  Fre- 
quency, pressure,  and  pump  dependences  were  studied. 

The  vibrational  relaxation  time  of  liquid  nitrogen  has  been  measured  to  be  ^>'70  sec 
and  is  limited  mainly  by  radiative  processes.  The  collisionally  induced  absorp- 
tion band  was  pumped  by  an  HBr  laser,  and  the  fluorescence  decay  time  of  CO  added 
to  the  was  measured  as  a function  of  CO  concentration. 

The  technique  for  generating  step-timable  CW  far-infrared  radiation  from  non- 

collinear  difference -frequency  mixing  of  radiation  from  two  CO^  lasers  in  a GaAs 

crystal  has  been  uSed  to  make  high -re solution  transmission  measurements  as  a 

-1 

function  of  pressure  of  the  rotational  spectrum  of  water  vapor  in  the  55-  to  56-cm 
and  62-  to  63-cm”^  regions. 


m.  MATERIALS  RESEARCH 

2 

Room-temperature  operation,  with  pulsed  thresholds  as  low  as  2.8kA/cm  for  broad- 
area  devices,  has  been  achieved  for  Ga^  _^In^As^  double-heterostructure 

diode  lasers  emitting  at  1.1  pm,  where  optical  fibers  have  their  minimum  trans- 
mission loss.  With  thresholds  in  this  range,  it  should  be  possible  to  produce  stripe- 
geometry  lasers  capable  of  continuous  operation  at  room  temperature,  which  would 
be  of  particular  interest  for  optical  communication  systems. 

Detailed  measurements  on  the  photoelectrolysis  of  water  in  cells  with  single-crystal 
n-type  SrTiO^  anodes  have  shown  that  the  photoelectrolytic  quantum  efficiencies 
obtained  in  the  absence  of  a bias  voltage  are  about  an  order -of-magnitude  higher 
for  SrTiO^  than  for  Ti02«  In  addition  to  confirming  that  Ti02  is  not  unique  in  its 
ability  to  catalyze  the  photodecomposition  of  water,  these  results  show  that  both 
electron  affinity  and  energy  gap  must  be  considered  in  the  search  for  practical 
electrode  materials  to  be  used  in  the  conversion  of  solar  energy  by  means  of 
photoelectrolysis. 

By  determining  the  angle -of -incidence  and  primary -electron -energy  dependences  of 
the  reflection  electron  energy  loss  spectra  of  MgO,  it  has  been  possible  to  distin- 
guish two  types  of  electronic  transitions:  from  Mg  core  levels  to  bulk  excitonic 

2+ 

states  like  the  excited  states  of  the  free  Mg  ion,  and  from  the  core  levels  to 
excitonic  states  of  the  surface  Mg^^  ions  that  are  Stark-split  by  the  intense 
Madelung  electric  fields  at  the  surface.  Application  of  this  improved  technique  to 
Ti02  and  SrTiO^  should  contribute  to  an  increased  understanding  of  the  surface 
electronic  states  of  these  compoimds  that  are  involved  in  catalyzing  the  photoelec- 
trolysis of  water. 

A new  type  of  transparent  heat  mirror  has  been  produced  by  etching  a microgrid  of 
square  holes  2.5  pm  on  a side,  separated  by  lines  0.6  pm  wide,  in  a thin  film  of  Sn- 
doped  hi202.  The  solar  transmission  is  significantly  higher  for  the  microgrid  than 
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for  the  original  continuous  film;  but  the  infrared  reflectivity  becomes  significantly 
lower,  indicating  that  films  with  higher  conductivity  will  probably  be  required  in 
order  for  the  microgrid  technique  to  result  in  improved  heat-mirror  performance 
for  solar  energy  applications. 


IV.  MICROELECTRONICS 

A prototype,  30-  x 30 -element,  CCD  imaging  array  has  been  fabricated  and  tested 
as  part  of  the  development  effort  aimed  at  realizing  a 100-  x 400 -element  CCD 
array  for  the  GEODSS  (Ground  Electro -Optical  Deep  Space  Surveillance)  Program. 
Tests  on  this  prototype  have  revealed  difficulties  in  transferring  charge  for  test 
purposes  through  the  channels  between  the  input  (test)  and  output  registers  and  the 
CCD  array,  and  problems  with  the  level  of  the  output  signal  caused  by  a large 
capacitance  in  the  diode -MOSFET  preamplifier  structure.  Somewhat  imprecise 
optical  measurements  have  indicated  that  these  devices  have  transfer  inefficiencies 
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of  less  than  10  . Two  redesigned  30  X 30  prototypes  are  being  fabricated  which 

will  incorporate  changes  in  structure  and  processing  to  reduce  the  charge  transfer 
problem  between  the  registers  and  the  CCD  array,  and  to  increase  the  output  signal 
by  reducing  the  capacitance  in  the  output  circuitry. 

The  detector  being  built  for  use  at  the  prime  focus  of  a 31 -inch  telescope  in  the 
GEODSS  Program  will  be  a hybrid  integrated  circuit  consisting  of  sixteen  100-  X 
400 -element,  CCD  imaging  arrays  mounted  on  an  alumina  interconnect  substrate. 
The  individual  arrays  must  be  aligned  on  the  substrate  to  within  0.0005  in.  and  be 
parallel  to  within  0.03®.  The  hybrid  will  be  fabricated  on  a multilevel  interconnect 
substrate.  The  individual  arrays  will  be  located  and  placed  using  a modified  x-y 
coordinator  with  0.0002 -in.  accuracy,  and  die  attachment  will  be  accomplished  with 
an  anerobic,  fast-setting  adhesive. 

An  electronically  variable  attenuator  has  been  built  as  a chip-and-wire  hybrid  for 
use  in  the  UHF  receiver  of  the  proposed  LES-10  satellite.  The  circuit  is  a 
bridged-T  attenuator  whose  basic  components  are  two  PIN  diodes  which  function  as 
current-controlled,  variable  resistors,  and  two  Ta^N,  thin-film  resistors.  This 
circuit  in  hybrid  form  has  at  least  25  dB  of  attenuation  between  30  and  400  MHz,  as 
opposed  to  the  discrete  version  of  the  same  circuit  which  had  a maximum  of  18  dB 
of  attenuation  at  400  MHz. 

The  mask-making  facility  of  the  Microelectronics  Group  requires  software  to  be 
used  in  conjunction  with  the  IBM  370/168  and  the  Calma  interactive  graphic  design 
system  to  provide  input  to  a D.  W.  Mann  Model  1600  pattern  generator.  Two  impor- 
tant programs,  CALMASRT  and  MANNPLOT,  have  been  written  and  updated,  re- 
spectively, to  improve  the  operation  of  the  facility.  CALMASRT  takes  the  data  from 
the  Calma  system  and  sorts  the  data  to  minimize  the  running  time  of  the  pattern 
generator.  MANNPLOT  is  a user-oriented  program  that  allows  patterns  to  be  de- 
signed on  the  370/168  system,  and  then  creates  the  file  or  files  needed  to  generate 
the  mask  on  the  pattern  generator. 
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V.  SURFACE-WAVE  TECHNOLOGY 


The  Rayleigh-wave  reflection  coefficient  of  shallow  grooves  has  been  measured 
on  Y-cut  LiNbO^  for  waves  reflected  from  the  Z-  to  the  X-direction.  This  90®  re- 
flection geometry  is  used  in  surf  ace -acoustic -wave  (SAW)  devices  such  as  the 
reflective -array  compressor  (RAC)  and  the  burst  matched  filter.  The  reflection 
coefficient  of  each  edge  of  a groove  has  a real  and  an  imaginary  part.  The  real 
part  is  proportional  to  groove  depth  and  contributes  mainly  to  the  amplitude  of  re- 
flections, while  the  imaginary  part  is  proportional  to  the  square  of  the  groove  depth 
and  leads  to  phase  shifts  on  transmission. 

A burst  matched  filter  has  been  designed  and  fabricated  using  the  reflective -array 
technology.  The  device  is  a 15-cm-long  LiNbO^  crystal  with  sm  input  and  an  output 
trsuisdiicer  and  16  pairs  of  shallow  gratings  in  its  surface.  The  gratings  selectively 
reflect  SAWs  whose  wavelength  satisfies  a Bragg  condition.  The  impulse  response 
of  the  device  is  a train  of  16  linear-FM  subpulses.  The  filter  compresses  a 
Doppler -sensitive  radar  waveform  to  which  the  filter  is  matched.  It  can  resolve  a 
Doppler  shift  of  20  kHz. 

Linear-FM  pulse  expanders  and  compressors  in  the  reflective -array  configuration 
have  been  fabricated  on  bismuth-germanium -oxide  substrates.  The  low  surface - 
wave  velocity  on  this  material  and  the  folded  RAC  configuration  allow  125  [isec  of 
dispersion  over  the  2. 5 -MHz  bandwidth  to  be  obtained  in  a compact  device.  Con- 
trolled spatial  variations  in  reflectivity  achieved  by  etching  gratings  to  varying 
depths  were  employed  to  provide  spectral  weighting  in  the  frequency  response  of  the 
devices.  Special  procedures  for  ion -beam  etching,  metalization,  and  bonding  were 
developed  for  use  on  bismuth-germanium -oxide. 

Acoustoelectric  amplifiers  have  been  developed  to  provide  distributed  on -substrate 
loss  compensation  of  very  long  SAW  delay  lines  as  a meauis  of  maintaining  wide 
bandwidth  and  large  dynamic  range.  The  gap-coupled  silicon -on -sapphire  (SOS)  to 
LiNbO^  configuration  is  the  first  SAW  amplifier  which  exhibits  stable  DC  operation 
with  gain  and  noise  performance  that  matches  theoretical  predictions.  Optimum 
performance  results  because  traps  within  the  SOS  film  prevent  intense  fringing 
fields  from  distorting  the  homogeneity  of  the  electron  sheet. 
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I.  SOLID  state  DEVICE  RESEARCH 


A.  LOW-LOSS  GaAs  p'^-n'-n*  OPTICAL  STRIPLINES  FABRICATED 
USING  Be+-ION  IMPLANTATION 

The  development  of  GaiAs -based  integrated  optical  circuits  (lOCs)  requires  low -loss 
three-dimensional  waveguides  to  transmit  and  confine  the  optical  signal  to  specific  locations 
on  a chip,  and  also  to  fabricate  various  optical  components.  In  this  report,  we  will  describe 
the  successful  fabrication  of  single -mode  p^-n^-n"^  optical  striplines.  These  striplines  have 

exhibited  low  loss  (a  » 1.2  cm  ^ at  1.06  pm),  and  the  p^-n"  junctions  have  shown  sharp  break- 

5 / 

down  voltages  corresponding  to  average  electric  fields  in  the  n guiding  layer  of  1.5  x 10  V/cm. 

This  suggests  the  feasibility  of  developing  low-loss  GaAs  modulators,  directional  couplers,  and 

optical  switches  based  on  the  electroabsorption  or  electro-optic  effects. 

1 

A cross-section  sketch  of  the  optical  stripline  structure  is  shown  in  Fig.  I- 1(a),  along  with 
a sketch  of  the  variation  of  refractive  index  in  this  structure.  The  device  consists  of  a lower- 
index  rib  over  a higher-index  slab  on  a low-index  substrate.  Light  propagating  in  the  device 
is  confined  under  the  rib,  since  the  effective  refractive  index  is  largest  there.  Because  the 

light  propagates  in  the  higher-index  slab  rather  than  In  the  rib,  this  device  should  have  lower 

2 

loss  than  some  other  rib  structures,  since  scattering  losses  due  to  rib  edge  roughness  are 
minimized. 

The  guide  structure  reported  here,  shown  schematically  in  Fig.  I-l(b),  was  fabricated 
entirely  in  GaAs  and  consists  of  a p^  rib  on  an  undoped  n"  epilayer  grown  on  an  n^  substrate. 

It  offers  several  advantages  over  other  three-dimensional  GaAs  guides  previously  reported. 

In  comparison  to  striplines  with  n ribs,  this  junction  device  has  been  found  to  have  a similarly 
low  loss,  but  allows  for  the  application  of  high  electric  fields  with  low  leakage  currents  (by 


Fig.  I-l.  Schematic  diagrams  of  (a)  optical 
stripline  showing  cross  section  of  structure 
to  left  and  refractive  index  profile  to  right  — 
region  4 is  usually  air,  and  (b)  GaAs  p+-n"-n+ 
optical  stripline  showing  propagating  light 
confined  in  undoped  slab  under  rib.  Sloped 
sides  of  rib  result  from  rib  etching  procedure. 
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reverse -biasing  the  p -n  junction).  This  should  facilitate  the  fabrication  of  modulators  and 

4 5 

switches  using  electroabsorption  and/or  electro -optic  effects.  Schottky-barrier  devices,  ' 
which  do  permit  electro-optic  effects,  and  proton -bombarded  embedded  stripes^  have  higher 
losses  than  these  p^-n”-n^  guides. 

The  striplines  were  fabricated  by  growing  an  undoped  layer  by  vapor -phase  epitaxy  on  a 
1 8 -3 

(100) -oriented  1.2  x 10  cm  n-type  substrate.  The  layer  was  n-type,  with  a concentration 

of  1 X 10^^  cm”^,  a mobility  at  77  K of  108,000  cm^/V-sec,  and  a thickness  of  10  pm.  The  p^ 

14  -2 

layer  was  formed  by  implanting  the  epilayer  with  Be  ions  (Ref.  7)  with  doses  of  1.5  X 10  cm 
at  400  keV,  1.2  X 10^"^  cm"*^  at  220  keV,  and  1.2  X 10^"^  cm"^  at  100  keV.  Beryllium  was  chosen 
because  it  is  the  p-type  dopant  having  the  maximum  penetration  depth  in  GaAs;  the  three  doses 
were  chosen  to  create  a uniformly  doped  layer.  Following  the  implantation,  the  wafer  was 

g 

annealed  at  900®C  for  15  min.  using  a pyrolytic -Si encapsulation  technique. 

Evaluation  of  this  implantation  technique  by  a series  of  etching  steps  and  Hall  measurements 

on  high-resistivity  Cr-doped  GaAs  samples  indicated  that  the  implanted  layers  had  a relatively 

18  -3 

constant  p-type  carrier  concentration  of  2 X 10  cm  to  a depth  of  about  1.5  \xm.  To  our 
knowledge,  this  is  the  first  report  of  uniform  high  doping  of  GaAs  by  ion  implantation.  In  the 
actual  stripline,  the  junction  depth  in  the  n”  epilayer  was  found  to  be  about  2 jjim. 


The  ribs  were  formed  by  first  defining  stripes  of  several  widths  in  an  ~300-A  sputtered-Ti 
layer  using  standard  photolithographic  and  etching  techniques.  The  stripes  were  oriented  along 
a (OTl)  direction.  The  GaAs  was  etched  down  through  the  p^  layer,  using  Ti  as  a mask,  in  a 
cooled  free-etch  solution  at  a rate  of  pm/min.  For  the^ orientation  chosen,  the  sides  of  the 
ribs  etched  at  a 45®  angle  as  indicated  in  Fig.  I-l(b).  The  time  required  to  etch  through  the 
p -implanted  layer  was  determined  by  etching  for  short  times  and  monitoring  the  current - 
voltage  characteristic  between  two  adjacent  test  areas  on  a curve  tracer.  After  etching  through 
the  p^  layer,  these  isolated  junctions  had  low  leakage  and  sharp  breakdowns  at  voltages  corre- 
sponding to  average  fields  in  the  undoped  layer  of  1.5  X 10^  V/cm.  The  finished  devices  had 
a rib  height  of  2 pm,  an  n~ -layer  thickness  of  8 pm,  and  rib  widths  that  varied  from  to  27  pm 
across  the  chip.  After  the  ends  were  cleaved,  samples  were  mounted  on  a high-precision 
translation-rotation  stage  for  optical  evaluation. 

Transmission  measurements  were  made  using  an  end-fire  coupling  scheme.  Radiation 
from  a Nd:YAG  laser  at  1.06  pm  was  passed  through  a polarizer  and  a beam  expander,  £uid 
focused  on  the  waveguide  input  face  using  a microscope  objective.  Measurements  were  made 
with  the  electric  field  vector  of  the  light  polarized  parallel  to  the  plane  of  the  slab  (i.e.,  TE 
polarization).  For  devices  reported  here,  a single  intensity  maximum  was  observed  under  the 
p^  rib  as  expected,  since  the  stripline  geometry  was  designed  for  single-mode  propagation  using 

9 

Marcatili's  analytical  expressions.  Transmission  measurements  through  several  lengths  of  the 

-1 

same  sample  yielded  an  attenuation  coefficient  of  1.2  cm  for  a stripline  having  an  '^17-pm- 
wide  rib.  As  mentioned  previously,  this  value  is  comparable  to  the  lowest  value  reported  for 
three-dimensional  GaAs  guides  and  suggests  that  GaAs  modulators,  directional  couplers,  and 
optical  switches  having  lower  losses  than  any  previously  reported  could  be  fabricated  using 

p+-n- striplines.  F.  J.  Leonberger 

J.  P.  Donnelly 
C.  O.  Bozler 
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B.  ELECTRICAL  PROPERTIES  OF  TIN  ION -IMPLANTED  GaAs 


We  have  previously  reported  the  electrical  characteristics  of  Se  (Refs.  8 and  10  to  13)  and 
Si  (Ref.  8 and  p.  2 in  Ref.  12)  ion -implanted  GaAs.  For  the  column  VI  n-t3rpe  dopant  Se,  ion  implan- 
tation into  heated  GaAs  substrates  was  required  to  achieve  high  doping  efficiency.  The  necessity 
of  heated  substrates  has  also  been  reported  for  the  other  colunm  VI  n-type  dopants  Te  (Ref^s.  14 
and  15)  and  S (Ref.  16).  Unlike  Se,  we  reported  that  the  electrical  activity  of  implanted  Si  (Refs.  8 
and  13),  a column  IV  element,  did  not  increase  significantly  as  the  temperature  of  the  GaAs  sub- 
strate during  implantation  was  increased  above  room  temperature.  In  this  section,  we  will  pre- 
sent some  preliminary  results  on  the  implantation  of  tin,  another  colunm  IV  element,  in  GaAs. 

17 

Some  results  on  the  electrical  activity  of  implanted  Sn  have  been  reported  previously,  but  those 
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results  were  restricted  to  implant  doses  ^10  cm  and  post -implantation  anneal  temperatures 
of  700X. 

The  GaAs  substrates  used  in  these  experiments  were  Cr-doped  semi -insulating  GaAs.  Af- 

o 

ter  polishing  and  etching,  a 700 -A  layer  of  Si,N . was  pyrolytically  deposited  at  720®C  on  each 

^ 8 13 

sample.  Details  of  this  pyrolytic  Si^N^  process  can  be  found  in  previous  reports.  ' 

The  400 -keV  Sn^  ions  were  implanted  through  the  Si,N.  overcoating  at  substrate  tempera- 

^ ^ 18  19 

tures  ranging  from  room  temperature  to  500®C.  The  projected  range  and  standard  deviation  ’ 
of  400-kV  Sn'^  ions  in  GaAs  are  0.0958  and  0.0207  jAm,  respectively.  In  Si^N^,  the  respective 
numbers  are  0.0971  and  0.0117  jjim.  The  peaks  of  the  implanted  Sn  concentration  in  these  ex- 

o 

periments  will  therefore  lie  close  to  the  GaAs  surface.  After  implantation,  a 2000 -A  pyrolytic 

SiO^  layer  was  deposited  at  400®C  over  the  Si^N^.  • Anneals  then  were  carried  out  in  a flowing 

N^  atmosphere  at  900®C  for  15  min.  The  SiO,  and  Si,N.  layers  then  were  removed  in  HF.  To 
c is  j 4 20 

minimize  contact  effects  while  carrying  out  Hall  measurements  of  the  van  der  Pauw  type, 

o 

electrically  isolated  cloverleaf-shaped  mesas  were  defined  in  the  implanted  layer  using  6000  A 
of  pyrolytic  Si02  as  an  etch  mask.  Good  linear  contacts  were  obtained  with  alloyed  Au-Sn. 

More  complete  details  of  the  sample  processing  steps  can  be  found  in  Ref.  8 and  p.  2 of  Ref.  12. 

All  the  Sn  implants  performed  have  resulted  in  n-type  conductivity.  Figures  1-2  and  1-3 

show  the  measured  sheet  carrier  concentration  and  sheet  mobility,  respectively,  as  a function 

13  14  -2  14  -2 

of  implant  temperature  for  doses  of  1 X 10  and  1 X 10  cm  . For  doses  of  1 X 10  cm  , 

12  -2 

the  sheet  carrier  concentration  increased  an  order  of  magnitude,  from  about  1.8  x 10  cm 
13-2 

to  1.8  X 10  cm  , when  the  temperature  during  implantation  was  increased  from  room  tem- 
perature to  100®C.  For  implant  temperatures  between  100®  and  500®C,  the  sheet  carrier  con- 
centration was  relatively  independent  of  implajit  temperature,  varying  somewhat  arbitrarily 
between  1.5  X 10^^  and  2.1  X 10^^  cm"^.  These  variations  could  be  due  to  slight  differences  in 
the  thickness  of  the  Si^N^  overcoating  and/or  differences  in  the  amount  of  compensation  in  the 
Cr-doped  semi-insulating  substrates.  As  shown  in  Fig.  1-3,  the  sheet  mobility  was  also  rela- 
lively  constant  (« 2400  cm  /V-sec)  for  implant  temperatures  between  100®  and  500®C.  The 
mobility  of  the  1 X 10^^  cm  ^ room-temperature  implant  was  higher,  3680  cm^/V-sec,  than 

that  of  the  heated  implants.  This  is  most  likely  due  to  the  probability  that  for  the  room- 

8 12 

temperature  implant  only  the  tsdl  of  the  implant  distribution  is  electrically  active.  ' 

13  -2 

For  doses  of  1 x 10  cm  , the  sheet  carrier  concentration  of  a 300®C  implant  was 
12  -2 

3.1  X 10  cm  , which  waa  only  about  20 -percent  higher  than  that  measured  for  a room- 

12  -2 

temperature  implant  (2,6  X 10  cm  ).  The  sheet  mobilities  of  the  room-temperature  and 

• 2 

300®C  implants  were  3695  and  3455  cm  /V-sec,  respectively. 
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Fig.  1-2,  Sheet  carrier  concentration 
vs  temperature  of  implant  for  400 -keV 
Sn+  ion -implanted  GaAs  annealed  at 
900®C.  Implants  were  made  through 

700  A of  pyrolytic  Si3N4. 


Fig.  1-3.  Sheet  mobility  vs  temperature 
of  implant  for  400 -keV  Sn+  ion -implanted 
GaAs  annealed  at  900®C. 


Additional  measurements  are  planned  which  will  determine  the  electron  concentration 
profiles  and  the  maximum  peak  carrier  concentrations  obtainable  for  both  room-temperature 
and  heated  Sn  implantations.  j p j)onnelly 

G.  A.  Ferrante 


C.  MOLECULAR -BEAM  EPITAXIAL  Pb^.^Sn^Te  DOUBLE -HETEROSTRUCTURE 
LASERS  WITH  CW  OPERATION  AT  77  K 

We  have  obtained  CW  operation  of  a Pb^_^Sn^Te  double -heterostructure  (DH)  laser  grown 

by  molecular -beam  epitaixy  (MBE)  for  heat-sink  temperatures  up  to  just  above  77  K.  Previously, 

CW  laser  operation  at  this  temperature  and  in  this  alloy  system  was  reported  for  devices  grown 

21 

by  liquid-phase  epitaxy  (LPE).  The  MBE  device  is  quite  similar  both  in  structure  and  per- 
formance to  the  LPE  device. 

22 

The  substrate  used  was  grown  by  seeded,  vertical,  vapor  growth  in  a closed  tube  and  was 

21  23  18  -3 

doped  with  T1  to  assure  p-type  conductivity  ' (---5  X 10  cm  ).  A stripe  geometry  was  em- 

ployed using  an  insulating  layer  of  MgF^  patterned  with  50-pm-wide  stripes.  Two  epitaxial 

layers  were  then  grown  in  the  stripes.  A polycrystalline,  discontinuous  film  also  grew  over 

24 

the  MgF^.  Using  the  MBE  technique  discussed  previously,  we  grew  the  layers  at  a rate  of 

2 pm/hr  with  the  substrate  at  425®C.  The  active  layer  was  grown  1.5  pm  thick  from  a source 
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of  composition  (PbQ  ggSu^  ^2)0  4991^^0  5009  with  Bi  ('^l  X 10  cm  ) to  obtain  n-type 

conductivity.^^  The  last  layer  was  grown  0.75  pm  thick  using  a Pb^  4g<^gTeQ  5Q02  source  doped 
with  ~3  X 10^^  cm  ^ of  Bi, 

25 

Devices  500  pm  in  length  were  fabricated  using  a standard  technique,  with  the  significant 
exception  that  the  devices  were  cut  both  on  the  sides  and  at  the  laser  end-mirrors  using  a high- 
speed diamond-blade  saw.  We  found  this  superior  to  the  usual  technique  of  cleaving  for  these 
DH  lasers  in  side-by-side  comparisons.  Further  study  of  the  mirror  smoothness  and  damage 
introduced  using  the  saw -cutting  technique  vs  cleaving  is  under  way. 
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TABLE  1-1 


DH-LASER  THRESHOLDS  AND  WAVELENGTH  OF  OPERATION 


Heat-Sink  Temperature 

(K) 

-^th 

(kA/cm^) 

Wavelength 

(|itn) 

Pulsed 

4.2 

0.89 

10.4 

77 

2.13 

8.74 

CW 

4.2 

1.36 

10.1 

77 

5.16 

8.29 

-4  2 

Device  area  = 2.58  X 10  cm 


A summary  of  threshold  current  densities  measured  at  4.2  and  77  K is  given  in  Table  I-l  for 
CW  operation  and  for  l-jisec  pulses  at  6-kHz  repetition  rate.  The  approximate  wavelength  of 
operation  also  is  indicated.  From  the  difference  in  wavelength  for  pulsed  vs  CW  operation,  we 
can  estimate  that  the  junction  temperature  reaches  90  to  100  K for  a 77-K  heat -sink  temperature. 


8.31  8.30  8.29  8.28  * 8.27  8.26  8.25  824  8.23  8.22  8.21  a20  8.19  8.18 


WAVELENGTH  (/im) 

Fig.  1-4.  Emission  spectrum  of  Pb^.x^^x^Te  DH  laser  operating  CW  immersed 
in  liquid  nitrogen.  Junction  temperature  is  estimated  to  be  '^100  K. 

Figure  1-4  shows  the  spectrum  measured  at  5.81  kA/cm  with  the  device  immersed  in  liquid 
nitrogen.  Similar  spectra  were  obtained  for  current  densities  up  to  8.24  kA/cm^.  Throughout 
the  range  of  current  densities  from  5.16  to  8.24  kA/cm^,  most  of  the  energy  was  in  a single 
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longitudinal  mode.  Accurate  output-power  measurements  have  not  been  obtained  nor  has  the 
maximum  current  density  for  CW  operation  been  established.  We  can  estimate  by  comparison 
with  other  laser  devices,  however,  that  at  least  several  hundred  microwatts  of  output  power 
are  obtained.  j 

A.  R.  Calawa 
T.  C.  Harman 


D.  PREPARATION  OF  LOW  CARRIER  CONCENTRATION  PbS  CRYSTALS 

At  the  present  time,  there  is  considerable  interest  in  PbS  single  crystals  for  infrared 
26  25 

detectors  and  tunable  lasers.  Further  device  development  will  depend,  in  part,  on  additional 

advances  in  single -crystal  quality.  By  using  a two-temperature  zone  annealing  technique,  carrier 

i 6 — 3 

concentrations  as  low  as  2.8  X 10  cm*^  have  been  achieved  in  large  bulk  single  crystals  of  PbS. 
Evidence  for  a relatively  high  degree  of  carrier  concentration  homogeneity  was  obtained  by  CO2 
laser  transmission  scans.^^ 

Single  crystals  of  PbS  were  grown  by  both  the  standard  Bridgman  (B)  and  the  horizontal 
28  29 

unseeded  vapor  growth  (HUVG)  methods.  Previously,  studies  on  PbS  showed  that  annealing 
the  compound  in  sulfur  vapor  at  pressures  above  a critical  pressure  results  in  p-type  PbS,  while 
annealing  the  compound  at  lower  pressures  results  in  n-type  PbS. 

Specimens  (12  x 4 X 0.5  to  1.1  mm)  were  cut  from  larger  crystals,  etch -polished,  and  an- 
nealed at  600®C  under  various  pressures  of  sulfur  usually  for  49  days.  For  a typical  experiment, 
one  PbS  crystal  along  with  a small  quantity  of  sulfur  powder  was  sealed  in  a quartz  tube,  which 
is  back-filled  with  argon  to  a pressure  of  about  300  Torr. ' The  ampoule  was  placed  in  a two- 
zone  horizontal  furnace;  one  zone  controlled  the  sulfur  pressure  and  the  other  provided  the 
annealing  temperature  of  the  sample.  Specimens  were  quenched  in  water  from  the  final  an- 
nealing temperature.  Surface  damage  and  thin  n-type  surface  layers  were  removed  by  immers- 
ing the  crystals  in  an  aqueous  solution  of  48 -weight -percent  HBr  for  1 min.  and  finally  rinsing 
in  methanol.  The  thickness  of  the  samples  was  reduced  0.1  mm  by  the  etching  step. 

Table  1-2  lists  the  carrier  concentration,  type,  and  mobility  obtained  by  Hall  coefficient 
and  resistivity  measurements  on  the  annealed  and  etched  crystals  at  77  K,  and  the  thermo- 
electric power  measured  at  300  K.  Table  1-2  also  lists  the  crystal  growth  method  and  the  an- 
nealing parameters. 

Using  a CO^  laser  with  a beam  focused  to  a 125-^im  diameter,  we  carried  out  transmission 
scans  at  300  K on  various  specimens.  These  scans  revealed  that  most  samples  were  inhomo- 
geneous with  respect  to  the  intensity  of  CO2  radiation  transmitted.  Figure  I-5(a)  shows  a typical 
CO2  laser  transmission  profile  across  PbS  sample  B-3.  The  random  variations  in  transmission 
correspond  to  substantial  carrier  concentration  fluctuations  which  are  observed  over  the  entire 
specimen.  On  the  other  hand.  Fig.  I- 5(b)  shows  a typical  scan  across  PbS  sample  B-2  which 
indicates  a relatively  uniform  carrier  concentration.  The  explanation  for  the  relatively  homo- 
geneous carrier  concentration  result  for  B-2  is  believed  to  be  associated  with  the  second,  lower- 
temperature  annealing  step.  For  single -ionized  defects,  the  dependence  of  the  hole  carrier 
concentration  p on  sulfur  vapor  pressure  can  be  expressed  by  the  relationship 

_ knV^  1//^  - (1//A)] 

(n.  4 (1  + (k/m<;p^/^)]^/^ 

where  k is  the  equilibrium  defect  constant,  m is  the  intrinsic  carrier  concentration,  and  <p  is 
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TABLE  1-2 

SUMMARY  OF  SALIENT  ANNEALING  AND  CHARACTERIZATION  DATA  FOR  PbS 


Crystal 

Growth 

Technique 

Carrier  Concentration 
and  Type  at  77  K 
(cm"3) 

Carrier 

Mobility  at  77  K 
(cm^^-sec) 

Thermoelectric 
Power  at  300  K 

(mVA) 

Thickness 
of  Sample 
(cm) 

Temperature 
of  Sample 
(®C) 

Temperature 
of  Sulfur 

rc) 

Annealing 

Time 

(days) 

B^-1 

2.8 

X 

io’6 

p 

17,000 

+588 

0.069 

1600 

Uoo 

1 90 
150 

149 

121 

HUVG^-1 

4.7 

X 

lo’" 

p 

12,000 

+505 

0.091 

1600 

1400 

1 90 
150 

149 
1 7 

B^-2 

7 

X 

io'6 

p 

17,000 

+482 

0.093 

1600 

1400 

190 

150 

11 

B-3 

1 

X 

p 

10,000 

+482 

0.100 

600 

95 

49 

B-4 

1.8 

X 

p 

15,000 

+410 

0.100 

600 

98 

49 

B-5 

5.8 

X 

lo’^ 

p 

11,000 

+356 

0.037 

600 

no 

49 

B-6 

4 

X 

lo’^ 

p 

16,000 

+384 

0.105 

600 

no 

49 

B-7 

9.2 

X 

p 

15,000 

+361 

0.103 

600 

129 

58 

B-8 

1.1 

X 

lo’® 

p 

18,000 

+352 

0.100 

600 

141 

58 

HUVG-2 

2.2 

X 

io’® 

p 

13,000 

+275 

0.077 

600 

190 

49 

HUVG-3 

3.1 

X 

lo’® 

p 

13,000 

+257 

0.070 

600 

220 

49 

HUVG-4 

3.5 

X 

lo’® 

p 

15,000 

+241 

0.083 

600 

250 

49 

HUVG-5 

3.5 

X 

lo’® 

p 

13,000 

+239 

0.070 

600 

260 

49 

HUVG-6 

4.8 

X 

lo’® 

p 

12,000 

+237 

0.069 

600 

270 

49 

HUVG-7 

4 

X 

N 

14,000 

-393 

0.087 

600 

80 

49 

HUVG-8 

5.4 

X 

lo’^ 

N 

15,000 

-379 

0.053 

600 

84 

49 

tFor  these  three  crystals,  the  ampoule  was  furnace-cooled  between  600®  and  400®C,  and  finally  water-quenched  from  400®C. 


0 2.5  5.0  7.5 

DISTANCE  ALONG  LENGTH  OF  CRYSTAL  (mm) 


Fig.  1-5,  Typical  CO2  laser  transmission  profiles  across  two  PbS  crystals.  Profile 
in  (a)  is  for  crystal  B-3,  whereas  profile  in  (b)  is  for  crystal  B-2  of  Table  1-2. 


the  ratio  of  the  vapor  pressure  of  to  the  vapor  pressure  of  at  the  p-n  crossover.  Upon 

application  of  the  above  expression  to  the  data  of  Table  1-2,  the  equilibrium  lattice  point  defect 

17  -3 

concentration  for  PbS  at  600®C  was  calculated  to  be  5 X 10  cm  defects.  However,  it  is 

1 6>  — 3 

estimated  that  the  equilibrium  defect  density  at  400®C  is  reduced  to  approximately  1 X 10  cm 
defects.  Thus,  for  homogeneous  low  carrier  concentration  PbS,  a second  lower-temperature 
anneal  is  required  in  order  to  take  advantage  of  the  low  equilibrium  defect  density.  The  higher - 
temperature  anneal  is  needed  in  order  to  take  advantage  of  the  higher  diffusion  coefficients  of  the 
compound  constituents.  Further  details  of  this  investigation  will  be  published  in  the  J ournal 
°l.gle£tt-onic  Materials.  ^ Harman 

A.  E.  Paladino 
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II.  QUANTUM  ELECTRONICS 


A.  CW  LASER  ACTION  IN  ACENTRIC  mAl^{BO^)^  AND  KNdP^O^^ 

We  have  obtained  low-threshold,  room -temperature,  CW  lasing  in  two  new  materials: 
NdAl2(B02)4  and  KNdP40^2  (abbreviated  as  NAB  and  KNP).  These  compounds  are  the  first 
high-Nd-concentration  laser  materials  with  acentric  space  groups.  This  lack  of  inversion  sym- 
metry may  allow  second-order  nonlinear  optical  processes  (e.g.,  second -harmonic  generation) 
as  well  as  linear  electro-optical  modulation  to  be  carried  out  directly  in  the  laser  crystal.  As 
in  the  case  of  NdP^O^^  (NPP)  (Refs.  1 to  3)  and  LiNdP^O^^  {Rets.  4 to  6),  their  high  Nd 

concentrations  allow  operation  of  very  small  lasers,  since  efficient  absorption  of  pump  radia- 
tion occurs  in  short  distances  (50  to  100  pm)  and  the  resulting  optical  gains  can  be  quite  large. 

3 + 

In  all  these  materials  the  Nd  ions  are  isolated  from  each  other,  so  that  there  is  far  less  con- 
centration quenching  of  the  fluorescence  lifetime  than  in  conventional  hosts  such  as  NdiYAG.  In 
addition,  NAB  and  Nd^Gd^  _^Al2(B02)4  have  comparatively  short  radiative  lifetimes,  even  at  low 
Nd  concentrations  (as  reported "7  in  an  earlier  study),  as  a result  of  the  high  degree  of  odd-parity 
admixture  of  the  4f^  and  4f^5d  configurations  by  the  local  crystal  field  around  the  Nd^^  ion.  In 
this  investigation  we  have  studied  the  room -temperature,  CW  lasing  behavior  in  NAB  and  KNP, 
and  we  have  also  obtained  data  on  spontaneous  fluorescence  in  the  Nd^Gd^  ,^Al2(B02)4  and 
KNd^Gd^  _^P^O^ 2 systems  for  values  of  x down  to  0.01. 

Crystals  of  NAB  were  grown  from  a flux  by  slow  cooling.  The  best  crystals  were  obtained 
from  a BaO-B20^  or  BaC02“B202  flux.  In  a typical  run  15  g of  BaO,  30  g of  B20^,  16  g of 
^^2^3*  15  g of  AI2O2  were  mixed  in  a 100-cm^  Pt  crucible.  The  mixture  was  fired  at 

1200®C  for  4 hr  to  form  a clear  pink  solution,  cooled  at  l®C/hr  to  900*C,  and  then  quenched. 

The  crystals  prepared  by  this  technique  are  generally  hexagonal  rods  about  1.5  mm  long  and 

0.3  mm  in  diameter,  with  smooth  faceted  sides.  They  are  higher  in  optical  quality  than  those 

7 7 

obtained  previously  by  growth  from  a PbF^-B^O-  flux.  The  NAB  structure  is  rhombohedral 

with  space  group  R32  and  cell  parameters  a = 9.3416(6)  A,  c = 7.3066(8)  A.  The  Nd  site  is  in  a 

trigonal  prism  of  six  O near-neighbors,  with  point  symmetry  group  32.  The  Nd  concentration 

in  NAB  is  5.43  X 10^^  cm  40  percent  higher  than  in  NPP. 

Crystals  of  KNP  were  grown  by  a similar  method,  using  Nd20^  with  a large  excess  of  K2CO^ 

and  NH^H2P0^  as  a flux.  Typically,  a mixture  of  these  materials  in  a molar  ratio  of  1:3:12 

(6.7,  8.3,  and  27.6  g,  respectively)  was  placed  in  a 100 -cm^  Au  crucible,  preheated  at  200‘*C 

for  4 hr,  and  fired  at  900 ®C  overnight.  The  temperature  was  then  reduced  at  2®C/hr  to  700*C, 

and  the  furnace  power  was  turned  off.  The  crystals  obtained  by  this  procedure  are  typically 

2 

rectangular-  or  hexagonal -faced  platelets  0.05  to  0.3  mm  thick  and  0.5  X 0.5  mm  in  area.  The 
crystal  structure,  determined  by  x-ray  diffraction,  is  monoclinic  with  space  group  P2^  and  cell 
parameters  a = 7.266(1)  A,  b = 8.436(1)  A,  c = 8.007(1)  A,  and  /3  = 91.97(1)®.  The  Nd^^  ions  are 
located  in  distorted  dodecahedra  of  the  eight  nearest  O neighbors,  slightly  deviated  from  point 
symmetry  group  2.  The  KNP  lattice  resembles  that  of  NPP  (Refs.  8 and  9)  in  that  both  are 
pseudo-orthorhombic  and  have  staggered  chain-like  structures  of  the  PO^  groups.  The  devia- 
tion from  orthorhombic  symmetry  is  larger  in  KNP,  consistent  with  its  higher  monoclinic - 

orthorhombic  transition  temperature  of  167®C  (determined  by  differential  thermal  analysis), 

, 21  -3 

compared  with  146®C  fol*  NPP  (Ref,  10).  The  Nd  concentration  in  KNP  is  4.08  X 10  cm  . 

Yamada,  Otsuka,  and  Nakano^^  have  mentioned  preparation  of  sintered  ceramic  KNP,  but 

did  not  report  its  structure  or  details  of  its  fluorescence  properties. 
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RELATIVE  INTENSITY 


rected  for  system  response). 


Fluorescence  from  Nd^Gd^  ^^Alj{BO^)^  and  ^^d^Gd^  ^ excited  by  a pulsed  opti- 

cal parametric  oscillator  tuned  to  the  0.8-^m  Nd^^  absorption  band.  The  fluorescence  spectra 
were  analyzed  by  a double -grating  monochromator  and  detected  by  a Ga^  ^^In^As -cathode  photo- 
multiplier tube.  The  photomultiplier  signal  was  amplified  and  then  fed  into  one  of  the  two  boxcar- 
amplifiers  in  a ratiometer  system,  with  a portion  of  the  pump  pulse  providing  a reference  signal 
to  the  other  boxcar.  This  same  system  was  also  used  to  measure  fluorescence  lifetimes,  by 
scanning  the  gate  of  the  signal  boxcar.  The  lifetime  measurements  were  made  with  as  weak 
excitation  as  possible,  since  strong  excitation  (~10^  W/cm^)  gave  very  nonexponential  decay, 
as  previously  reported  for  NPP  (Ref.  12). 

4 4 4 4 

Room -temperature  fluorescence  spectra  of  the  ^n/z  ^3/2  ” S/2 

NAB,  NdQ  oi^^o  and  KNd^  99^4^12  shown  in  Fig.II-1.  The 

"^Sl/2  "^S/2  each  sample  were  both  taken  under  the  same  conditions,  without 

being  corrected  for  the  difference  in  measuring  system  response  between  1.05  and  0.9  M-nri«  In 

4 

concentrated  Nd  materials,  reabsorption  from  the  ground -state  levels  of  the  nianifold  dis- 

torts and  reduces  the  apparent  emission  cross  sections.  In  order  to  clarify  the  energy  levels,  • 
spectra  were  also  taken  at  low  temperature.  These  spectra  show  much  narrower,  well-resolved 

4 

transitions.  Except  for  reduced  reabsorption,  the  room-temperature  spectrum  of  the 

much  less  concentrated  KNdQ  Q^Gd^  99P4O12  I®  essentially  the  same  as  the  KNP  spectrum.  As 
also  observed  by  Weber, the  room-temperature  spectrum  of  Nd^  Q^Gd^  ^^Al^CBO^)^  exhibits 
some  narrowing  and  shifting  relative  to  the  NAB  spectrum,  but  the  borate  system  may  be  com- 
plicated by  strains  or  distortions  arising  from  a slightly  different  crystallographic  phase. 

4 4 

The  room-temperature  ^3/2“  ^11/2  NAB  is  dominated  by  a line  at  1.065  p.m 

that  is  25  to  30  A wide.  The  low-temperature  spectra  show  that  this  line  has  only  one  major 
component.  In  contrast,  the  KNP  spectrum  at  room  temperature  has  a dominant  line  at  1.051  fim, 

o 

over  50  A wide,  that  is  made  up  of  four  components.  From  preliminary  analysis  of  low- 

4 -1*  -1 

temperature  spectra,  the  F3/2  I®  NAB  (Ref.  14)  and  54  cm  in  KNP. 

The  room-temperature  fluorescence  lifetimes  for  the  ii^Ndx^d^^^Al^(BO^)^ 

and  -x^4G|2  plotted  as  a function  of  x in  Fig.  II-2.  (Also  included  are  earlier  data^ 

for  powdered  samples  in  the  borate  system.)  From  these  and  other  data  of  this  type  reported  for 
NdxLai.xP50i4  (Refs.  1 5-1 7),  Na^Nd^Gd^  .^(WO^)^  (Ref.l5),  and  LiNd^(Y,  La,  Gd)^  _^P40^2 
(Refs.  6,  18),  the  limiting  lifetime  (t^)  observed  at  low  Nd  concentrations  appears  to  have  a close 
relationship  to  the  symmetry  of  the  Nd  site.  The  least  symmetric  structure  is  that  of  NAB,  in 
which  the  inverse  position  of  any  near-neighbor  O atom  is  far  removed  from  any  other  O near- 
neighbor. This  lack  of  site  inversion  symmetry  enables  the  odd -parity  crystal  field  components 

37  3+4  4 

to  mix  the  opposite  parity  4f  and  4i  5d  electronic  configurations  of  Nd  , making  the  ^3^2“  ^11/2 

electric  dipole  transitions  within  the  predominantly  4f^  configuration  much  more  allowed.^  ^ Thus, 
the  comparatively  short  = 50  fxsec  measured  for  Nd^  Q^Gd^  ^^Al2(B02)^  probably  does  not  re- 
sult from  poor  crystal  quality  or  intrinsic  nonradiative  competitive  processes,  but  instead  indi- 
cates a high  radiative  transition  probability  and  emission  cross  section.  An  example  at  the  oppo- 
site extreme  is  given  by  the  centro- symmetric  Cs2NaNdCl^,  which  has  a lifetime  of  1.23  msec 

4 4 

(Ref.  20)  because  the  pure  electric  dipole  ^ll/2  ^^^^®RIo^®  completely  forbidden  and 

must  be  phonon  assisted.  For  the  Nd  site  in  KNP,  which  is  considerably  less  acentric  than  that 
in  NAB,  Tq  = 275  fisec.  This  value  is  comparable  to  those  for  the  NPP  and  LNP  structures, 
which  have  similar  Nd  coordinations. 
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It  is  remarkable  that  in  the  series  of  concentrated-Nd  materials  [NdP^O^^  (Ref.  16), 
LiNdP^O^^  (Ref.  18),  KNP,  NAB,  and  NdNa^(WO^)^  (Ref.  15)1  in  which  the  Nd^^  ions  are  sepa- 
rated by  complexes  such  as  PO^,  BO^,  or  WO^,  the  degree  of  concentration  quenching  is  simi- 
lar. Specifically,  the  values  of  the  quenching  ratio  (where  is  the  lifetime  for  x = 1) 

are  all  between  2.5  and  3.3.  Thus,  if  the  total  fluorescence  decay  rate  (the  inverse  of  the  mea- 
sured lifetime)  can  be  characterized  as  the  sum  of  radiative  and  nonradiative  (quenching)  rates, 
then  the  quenching  rate  at  x = 1 [(1/t^)  - (1/t^)1  is  proportional  to  the  predominantly  radiative 

decay  rate  1/t  . The  dominant  quenching  process  is  probably  cross -relaxation  of  excited  and 
^3+  4*4  16 

ground -state  Nd  ions  via  the  ^13/2  ^15/2  Energy  migration  followed  by  impurity 

quenching  is  less  likely  in  these  concentrated-Nd  materials,  which  are  probably  purer  than  doped 
materials  like  Nd:YAG  (Ref.  12).  A third  process.  Auger  cross -relaxation  of  nearby  excited 
ions  is  observed  only  at  high  excitation  levels,  not  the  low-excitation  regime  presently  consid- 
ered, In  addition,  the  observed  dependence  of  t on  x shows  that  the  quenching  rate  is  roughly 
proportional  to  concentration  (for  X;^  0.1),  rather  than  to  the  square  of  the  concentration,  as 
expected  for  dipole-dipole  interactions.^ Other  higher-order  multipolar  interaction 
mechanisms  which  could  cause  cross -relaxation  would  vary  as  still  larger  powers  of  the 
concentration. 

The  proportionality  of  the  quenching  rate  to  both  l/'^^  and  concentration  is  consistent  with 
the  hypothesis  of  quenching  via  superexchange  interactions.  Superexchange  of  4f  electrons 
would  be  weak,  but  would  increase  with  admixture  of  the  4f^5d  configuration  with  4f^,  which 
also  shortens  t^.  The  average  quenching  rate  would  also  be  proportional  to  the  superexchange- 
connected  near-neighbor  Nd  occupation  probability,  which  varies  linearly  with  concentration. 
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Superexchange  has  been  reported  to  be  significant  in  EPR  measurements  of  energy  transport 

24 

between  rare-earth  ions  in  various  halides. 

To  achieve  room -temperature,  CW  lasing,  pump  radiation  from  a CW  dye  laser,  tuned  to 
3 + 

strong  Nd  absorptions  near  0.58  pm,  was  used  to  excite  a crystal  of  NAB  or  KNP  placed  in 
the  center  of  a nearly  concentric  optical  cavity  having  5-cm-radius  mirrors  spaced  approxi- 
mately 10  cm  apart.  The  pump  beam  was  focused  through  one  mirror  (with  high  reflectivity 
at  1.06  pm)  onto  the  sample,  so  as  to  be  collinear  with  the  laser  mode.  Although  completely 
continuous  lasing  was  achieved  with  all  samples,  in  order  to  minimize  heating  effects  the  data 
reported  here  were  taken  with  the  pump  radiation  chopped  at  150  Hz  with  a 10-  to  20-percent 
duty  cycle.  All  power  measurements  were  made  with  calibrated  Si  photodiodes.  Further  de- 
tails of  the  experimental  apparatus  and  sample  mounting  are  given  in  Refs.  3 and  5. 

The  laser  samples  of  NAB  were  as -grown  hexagonal  rods  whose  side  faces  were  the  lasing 
facets,  with  the  c-axis  perpendicular  to  the  lasing  mode.  The  laser  radiation  was  linearly 
polarized  perpendicular  to  the  c-axis.  The  samples  ranged  from  136  to  340  pm  in  length  (i.e., 
the  distance  between  the  lasing  facets,  not  the  length  of  the  rod),  with  threshold  powers  ranging 
from  0.55  to  1.9  mW  when  a 0.3 -percent  transmission  output  mirror  was  used.  (Throughout 
this  discussion,  the  measured  threshold  values  refer  to  the  power  absorbed  by  the  sample.) 

The  threshold  generally  increased  with  sample  length  (i  ),  consistent  with  the  theoretical  vari- 
ation in  the  resonant  (self -absorption)  contribution  to  the  threshold  power: 
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where 

-1  Q 

hi^p  = pump  photon  energy  = 3.39  x 10  ^ J 
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N^  = Nd  concentration  = 5.43  X 10  cm 
AE  = lower  laser  level  energy  1950  cm 


w = laser  mode  waist  radius  9 pm 
o 

Wp  = pump  mode  waist  radius  ^9  \im 
b = fractional  population  of  upper  laser  level  » 0.59 
T = fluorescence  lifetime  “«15  psec. 


This  expression  predicts  a resonant  threshold  contribution  of  0.005  mW  per  micrometer  of 
sample  length,  in  good  agreement  with  the  averaged  measured  value,  0.006  ± 0.002  mW/pm, 
for  a 0.3 -percent  output  mirror. 

The  nonresonant  contribution  to  the  threshold  is  due  to  internal  losses  and  output  coupling: 


*'‘'p  L + ln(l/R)  2 , 2 


NR 


(II-2) 


where  L is  the  internal  loss,  R is  the  output  mirror  reflectivity,  and  c is  the  fluorescence 
emission  cross  section.  This  contribution  becomes  more  significant  as  R is  decreased.  From 
the  relaxation  oscillations  of  the  laser  output  and  the  results  obtained  with  low- output -transmission 
mirrors,  we  estimate  that  L 0.003.  From  the  threshold  power  of  4.3  mW  measured  for  a sam- 
ple 206  pm  long  with  a 6.2-percent  output  mirror,  and  the  value  of  = 1.0  mW  calculated  for 
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this  sample  length,  Eq.  (II-2)  gives  a 8X10  cm  . This  value  is  considerably  larger  than 
that  for  NPP,  ~2  X 10  cm^  (Refs.  16,  17,  and  25),  consistent  with  the  lower  Nd  symmetry 
and  larger  odd -parity  admixture  in  NAB.  Lasing  has  also  been  observed  in  crystals  of 
Nd^Gd^  _^A1^(B02)^  with  x down  to  0.5,  giving  estimated  values  of  a similar  to  those  for  NAB. 
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Fig.  II-3.  Room-temperature,  quasi-CW  lasing  spectra  of  NAB  and  KNP. 

The  average  measured  slope  efficiency  (derivative  of  output  power  with  respect  to  power 
absorbed)  for  the  206-|im  sample  was  22  percent,  with  up  to  7-mW  quasi-CW  output  power. 

There  was  only  a slight  variation  in  efficiency  with  output  coupling,  which  is  surprising  in  view 
of  the  low  internal  loss  and  the  large  variation  in  threshold  with  output  coupling.  A typical  las- 
ing spectrum,  at  three  times  threshold  of  ~1.2  mW  (with  1.1 -percent  output  transmission)  is 
shown  in  Fig.  II-3  for  an  NAB  sample  136  jjim  long. 

The  laser  samples  of  KNP  were  as-grown  platelets  whose  broad  faces  were  the  lasing  facets. 
Platelets  with  rectangular  faces  had  their  long  axes  parallel  to  the  [OlO],  b-axis,  with  [101  ] nor- 
mal to  the  faces.  Platelets  with  hexagonal  faces,  which  were  somewhat  thicker,  also  had  the 
[OlO]  axis  in  the  plane  of  the  faces,  but  had  [lOl]  normals.  In  both  cases,  the  lasing  polarization 
depended  on  the  cavity  alignment,  although  linear  polarization  roughly  along  [01 0)  was  generally 
easiest  to  obtain.  Measurements  of  the  indices  and  indicatrix  have  not  yet  been  made.  The  low- 
est laser  threshold  was  0.45  mW,  which  was  obtained  for  a sample  52  (im  thick  with  0.3-percent 
output  mirror  transmission.  Even  this  thin  sample  absorbed  45  percent  of  the  incident  pump 
radiation. 
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The  lasing  cross  section  was  estimated  from  data  for  a sample  with  i = 187  pm  by  using 

Eqs.  (II-l)  and  (II-2)  with  the  parameters  given  above,  except  for  the  following:  N = 4.08  X 

21  -3  ^ 

10  cm  , b = 0.56,  t = 100  psec,  R = 0.011,  and  L “0.004.  The  value  of  L was  determined 

from  the  slope  efficiency  of  25  percent  obtained  with  the  0.3 -percent  output  mirror.  The  thresh - 

-19  2 

old  power  was  0.932  mW,  giving  a “1.5  X 10  cm  . This  value  of  d is  only  semiquantitative, 
since  several  transitions  contribute  to  the  lasing  gain,  with  only  the  two  dominant  ones  originat- 

4 

ing  from  the  lower  level.  Also,  no  polarization  dependence  has  been  included.  A lasing 

spectrum  for  this  sample,  at  two  times  threshold,  is  shown  in  Fig.  II-3.  With  a 1.1 -percent 
output  mirror,  the  slope  efficiency  was  35  percent,  with  6.6-mW  quasi-CW  output. 

S.  R.  Chinn 
H.  Y-P.  Hong 


B.  PHOTOLUMINESCENCE  OF  BOUND  EXCITONS 

IN  TELLURIUM-DOPED  CADMIUM  SULFIDEt 

Photoluminescence  from  crystals  of  cadmium  sulfide  doped  with  tellurium  (CdS:Te)  was 
examined.  The  luminescence  observed  was  from  the  recombination  of  bound  excitons  captured 
at  isoelectronic  traps  formed  by  Te  impurities.  Two  types  of  traps  were  studied:  One,  with  an 
associated  broad  emission  band  peaked  at  600  nm  (2.1  eV),  was  created  by  a single  Te  atom  at 
an  isolated  impurity  site  (s-site);  the  other,  with  associated  emission  peaked  at  730  nm  (1.7  eV), 
was  formed  from  a nearest -neighbor  pair  of  Te  impurities  (p-site). 

19  -3 

Platelet  crystals  were  studied  and  had  Te  concentrations  ranging  from  10  cm  to  greater 
than  10^^  cm  Optical  absorption  coefficients  for  a number  of  samples  were  measured  as  a 
function  of  wavelength  at  temperatures  of  20,  77,  187,  and  300  K.  Excitation  spectra  for  both 
s-  and  p-site  luminescence  were  determined  for  the  same  samples  at  the  same  temperatures 
cited  above.  Pulsed  and  CW  lasers,  including  a flashlamp -pumped  dye  laser  and  a frequency- 
doubled  NdiYALO  laser,  were  used  to  examine  s-  and  p-site  decay  and  emission  spectra,  in- 
cluding measurements  at  high  excitation  densities. 

In  analyzing  data,  the  results  found  from  measurements  of  both  absorption  coefficients  and 

excitation  spectra  were  used  to  characterize  the  processes  by  which  luminescence  was  excited. 

19  -3 

For  samples  with  a Te  concentration  of  around  10  cm  it  is  difficult  to  distinguish  between 

various  excitation  processes.  Analysis  of  low -temperature  excitation  spectra  for  samples  with 

20  -3 

a Te  concentration  greater  than  10  cm  indicates  the  lineshape  for  absorption  associated  with 
the  direct  creation  of  s-site  bound  excitons.  In  addition,  these  spectra  show  that  the  cross  sec- 
tion for  capture  of  holes  by  the  p-sites  is  about  two  orders  of  magnitude  higher  than  that  for  hole 
capture  by  s- sites,  and  that  the  radiative  quantum  efficiency  for  p-site  bound  exciton  recombi- 
nation is  roughly  half  that  for  recombination  at  s- sites.  Absorption  at  long  wavelengths  in  the 
most  heavily  doped  samples  is  shown  to  be  connected  with  the  process  which  directly  creates 
p-site  bound  excitons,  and  the  lineshape  for  this  process  is  extracted  from  absorption  mea- 
surements. Possible  theories  for  the  observed  bandedge  absorption  in  CdS.Te  are  discussed. 

Pulsed  laser  excitation  of  s-site  luminescence  at  low  levels  indicates  results  comparable 
with  previously  published  data.  Effects  on  this  luminescence  of  both  bound-exciton  ionization 
and  excitation  transfer  to  p-sites  are  discussed.  Decay  of  luminescence  from  p-sites  is 


t This  section  is  the  abstract  of  a thesis  carried  out  at  Lincoln  Laboratory  and  submitted  to  the 
Department  of  Electrical  Engineering  and  Computer  Sciences,  M.I.T.  in  partial  fulfillment  of 
the  requirements  for  the  Degree  of  Doctor  of  Philosophy. 
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examined,  and  in  the  linear  region  appears  to  involve  two  distinct  lifetimes  of  about  100  and 

1000  nsec.  The  behavior  of  both  s-  and  p-site  luminescence  at  high  excitation  levels  indicates 

the  existence  of  an  Auger  type  of  interaction  between  bound  excitons,  in  which  the  energy  of  one 

bound  exciton  is  lost  in  dissociating  or  ionizing  another  bound  exciton.  Interactions  become 

17  -3 

significant  for  s-site  bound-exciton  densities  of  10  cm  and  for  somewhat  lower  p-site  den- 
sities, a fact  which  strongly  reduces  the  possibility  of  achieving  stimulated  emission  from  either 
bound-exciton  state.  P.F.  Moulton 

C.  CW  SECOND -HARMONIC  GENERATION  IN  CdGeAs2 

A study  is  being  made  of  the  second -harmonic  generation  in  CdGeAs^  crystals  when  sub- 
jected to  a CW  beam  of  intense  focused  CO^  laser  radiation.  The  samples  investigated  to  date 
were  obtained  from  two  boules  (Nos.  74-32  and  76-5)  which  were  found  to  have  relatively  low 
absorption  at  the  doubled  frequency.  These  samples,  oriented  for  Type  I phase  matching,  were 
placed  in  a liquid  nitrogen  Dewar  to  further  reduce  absorption.  The  samples  varied  in  length 
from  4 to  13  mm,  with  varying  cross-sectional  areas,  down  to  1.5  X 3 mm.  The  radius  of  the 
focused  beam  waist,  as  determined  by  calibrated  aperture  measurements,  was  approximately 
90  pm. 

The  second -harmonic  power  generated  in  the  initial  experiments  carried  out  using  uncoated 

2 

samples  showed  the  expected  P(2a;)  cc  P(a;)  dependence,  with  no  indication  of  saturation  at  the 
highest  output  levels  available  from  the  CO2  laser.  It  was  possible,  however,  to  increase  the 
effective  power  level  available  by  overcoming  the  large  reflective  losses  at  the  vacuum-CdGeAs^ 
interfaces.  This  was  done  by  evaporating  a zinc  sulfide  coating  on  the  front  and  rear  surfaces 
of  the  samples  to  optimize  transmission  at  wavelengths  of  10.6  and  5.3  pm,  respectively.  By 
this  means,  the  transmission  at  each  face  could  be  increased  from  69  to  97  percent.  The  effect 
of  anti  re  flection  (AR)  coating  upon  second -harmonic  generation  is  shown  in  Fig.  II-4  where  the 
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Fig.  n-4.  Second -harmonic  power  output  of 
CdGeAs2  at  5.3  pm  as  a function  of  incident 
10.6 -pm  beam  power  before  and  after  AR 
coating.  Two  dashed  lines  are  related  by 
ratio  (0.97/0.69)3. 
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second -harmonic  power  emerging  from  a CdGeAs^  sample  is  given  as  a function  of  the  CO^ 

power  incident  upon  the  front  surface.  The  two  curves  were  taken  with  the  same  sample,  before 

and  after  AR  coating.  The  two  dashed  lines  are  related  by  the  ratio  (0.97/0.69)^.  The  figure 

shows  no  indication  of  saturation  at  the  highest  input  levels,  which  correspond  to  intensities  of 
5/2 

the  order  of  2 x 10  W/cm  . No  signal  degradation  was  observed  while  maintaining  this  level 

for  several  minutes.  The  results  obtained  indicate  that  CdGeAs2»  used  in  conjunction  with  a 

CO^  laser,  can  achieve  output  levels  at  the  doubled  frequency  which  will  permit  long-range 

heterodyning  experiments  for  air-pollution  monitoring. 

While  most  samples  investigated  withstood  the  input  levels  discussed  above,  the  damage 

5 2 

threshold  of  one  sample  was  reached  at  10  W/cm  , and  in  another  sample  at  about  1.5  x 
5 2 

10  W/cm  . The  damage  was  manifested  by  a sudden  and  total  disappearance  of  second -harmonic 
generation,  with  no  apparent  signal  degradation  before  the  occurrence.  After  reaching  the  dam- 
age threshold,  a fine  ash  deposit  is  observed  on  the  Dewar  window,  and  a hole  of  ~150  jim  diam- 
eter and  ~1  mm  depth  is  formed  on  the  front  face  of  the  sample,  with  indications  of  surface 
melting.  The  back  surface  of  the  sample  remains  undamaged.  These  results  are  in  contrast 
with  the  pit  and  plasma  formation  observed  in  CdGeAs2  when  subjected  to  high-energy  pulsed 
input.^^  The  CW  damage  appears  to  be  consistent  with  the  ’’thermal -runaway”  mechanism 
which  has  been  proposed  to  explain  the  damage  in  semiconductors  used  as  high -power  window 


materials. 
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N.  Menyuk 
G.  W.  Iseler 


D.  THIRD-HARMONIC  GENERATION  IN  MOLECULAR  'GASES 


Recent  reports  of  CO2  laser  isotope  separation  in  a number  of  molecular  gases  such  as  SF^^ 
and  BCl^  have  indicated  that  these  molecules  can  be  excited  to  high  vibrational  states  without 
collisions,  which  suggested  to  us  that  third -harmonic  generation  (THG)  might  be  observed  under 
similar  condition Figures  II-5(a)  and  (b)  illustrate  two  different  approaches  to  THG,  each 
of  which  we  have  demonstrated  experimentally.  In  process  ^ the  molecule  is  chosen  to  have  a 
fundamental  vibrational  transition  near  the  pump  frequency,  and  only  vibrational  intermediate 
states,  each  of  which  is  near  resonance,  are  involved.^^  In  process  i,  a two-photon  vibrational 
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Fig.  II-5.  Schematic  diagram  of  (a)  triply  resonant  third-harmonic 
generation  process,  and  (b)  two -photon  resonance  THG  process. 
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Fig.  II -6.  Frequency  dependence  of  third- 
harmonic  signal  intensity  along  with  mea- 
sured absorption  coefficient  for  SF6.  THG 
curve  is  for  5 Torr  SF5  with  beam  focused 
in  center  of  cell. 


Fig.  II-7.  Pressure  dependence  of  third -harmonic  signal  from  SF5 
for  excitation  with  P(20)  and  P(26)  lines  of  10.6-|jim  CO^  laser  band. 
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resonance  along  with  two  electronic  intermediate  states  is  involved.  THG  by  the  triply  reso- 
nant process  (process  a)  was  demonstrated  in  SF^  and  BCl^,  while  the  two -photon  resonance 
(process  b)  was  realized  using  CO. 

A grating-controlled,  single-line,  multimode  CO^  TEA  laser  producing  0.75-J  pulses  with 
a width  of  175  nsec  (FWHM)  was  used  in  the  experiments.  The  energy  was  measured  using  a 
Gen -Tec  ED -200  Joule  meter,  and  the  intensity  was  monitored  by  a photon  drag  detector.  The 
CO^  laser  beam  was  passed  through  an  8-pm-long  wavelength  pass  filter  to  block  the  4.3-|im 
fluorescence  from  the  CO2  laser  as  well  as  the  third -harmonic  signal  generated  in  the  CO2 
laser  germanium  output  coupler,  before  being  focused  into  a 10-cm-long,  1.8-cm-i.d.  Teflon 
cell  equipped  with  KCl  windows.  Except  where  indicated,  the  beam  was  focused  by  an  f/3  off- 
axis  paraboloid  mirror  to  a spot  size  of  400  (im,  corresponding  to  a confocal  parameter  of 
11  cm,  at  either  2.5  or  5 cm  from  the  front  of  the  cell.  The  CO2  laser  radiation  emerging  from 
the  exit  window  of  the  cell  was  blocked  by  a LiF  absorption  filter,  while  the  third -harmonic 
radiation  was  focused  onto  a 0.125-m  focal  length,  f/3. 7 monochromator  equipped  with  a grating 
blazed  at  4 p.m  and  then  detected  by  an  InSb  photovoltaic  detector.  The  detector  had  a time  con- 
stant of  0.3  fisec,  which  did  not  allow  temporal  resolution  of  the  third -harmonic  signal.  The 
overall  sensitivity  of  the  detection  system  was  calibrated  using  a 3.39 -p-m  He-Ne  laser.  The 
third -harmonic  signal  intensities  and  conversion  efficiencies  given  below  are  based  on  this 
calibration,  with  no  correction  for  the  fact  that  the  detector  time  constant  was  slower  than  third - 
harmonic  risetime.  The  limited  detector  speed  also  prevented  us  from  observing  saturation 
phenomena  which  might  occur  in  SF^.  The  most  extensive  studies  were  performed  on  SF^;  fre- 
quent refillings  of  the  cell  were  used  to  minimize  depletion  of  the  initial  SF^  fill  due  to  dissoci- 
ation of  the  gas  by  the  focused  CO2  laser  beam.  Figure  II-6  shows  the  normalized  third -harmonic 
output  as  a function  of  frequency  together  with  the  absorption  curve  for  SF^.  Note  that  the  third- 
harmonic  signal  falls  to  zero  on  the  high-frequency  side  of  the  CO2  P(20)  line.  The  pressure 
dependence  of  the  THG  was  examined  for  each  of  the  CO2  P lines;  Fig.  II-7  shows  the  behav- 
ior for  P(20)  and  P(26)  with  the  focus  2.5  cm  from  the  front  of  the  cell.  The  oscillations  in  the 
third -harmonic  signal  that  occur  using  the  P(20)  line  become  weaker  and  less  pronounced  as  the 
laser  frequency  decreases.  The  oscillations  also  depend  on  the  location  of  the  focal  plane  within 
the  cell;  with  the  focus  in  the  middle  of  the  cell,  only  two  maxima  are  observed  in  the  output  vs 
pressure  curve  for  P(20). 

The  dependence  of  the  TH  signal  P,  on  the  pump  power  P.  was  measured  for  the  P(20)  line. 

"^3  ^ 2 

At  low  intensities  this  dependence  was  close  to  P.  , with  a transition  to  P.  behavior  at  higher 

3 ^ ^ 

intensities.  Such  deviations  from  a simple  P.  dependence  have  been  observed  with  metal  vapors 

^ 32  33 

and  attributed  to  saturation  of  the  two -photon  transitions.  * In  our  case  the  deviations  are 
probably  due  to  saturations  of  the  SF^^  absorption,  with  attendant  changes  in  the  third -order 
susceptibility  and  the  wave  vector  mismatch.  The  third -harmonic  power  from  an  optimized 

SF/  system  pumped  with  4.0  MW  of  CO^  P(20)  line  power  was  approximately  2.2  X W,  cor- 
° ^ -12 

responding  to  a conversion  efficiency  of  5 X 10  . THG  in  BCl^  had  a more  complex  frequency 

dependence;  the  existence  of  the  ^^B  Cl^  and  ^^B  Cl^  isotopes  resulted  in  two  distinct  spectral 
regions,  near  940  and  980  cm  in  which  THG  was  observed.  In  addition,  multiple  peaks  were 
observed  in  each  of  these  regions.  In  contrast  to  SF^,  no  oscillations  were  found  in  the  third- 
harmonic  signal  vs  pressure  curve  for  BCl^. 
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THG  according  to  process  ^ was  obtained  by  using  a two -photon  resonance  with  the  CO  Q 
branch  near  2143  cm  Twice  the  CO2  R(8)  line  frequency  lies  within  0.04  cm  ^ of  the  CO  Q(ll) 
line.  THG  was  observed  using  R(8)  as  well  as  R(10);  no  THG  was  found  with  R(12).  In  these 
experiments  a 65-cm,  f/l,  ZnSe  lens  was  used  to  focus  the  beam,  which  had  an  intensity  of 
2.5  MW  for  R{10),  to  a spot  size  of  1 .8  mm  in  the  center  of  a 1 -m-long  cell.  THG  was  detect- 

-7 

able  (~2  X 10  W)  at  pressures  as  low  as  300  Torr.  The  third -harmonic  signal  for  R(10)  in- 
creases as  pressure  squared,  while  that  for  R(8)  deviates  from  the  square -law  behavior  at 
pressures  above  500  Torr.  At  a CO  pressure  of  1 atm,  the  third -harmonic  signal  using  the 
R(10)  line  was  1.1  X 10  W,  corresponding  to  a conversion  efficiency  of  0.4  X 10 

Calculations  of  the  third-order  susceptibility  for  both  processes  have  been  made.  In  the 
case  of  THG  in  CO,  there  is  reasonable  agreement  between  the  observed  and  calculated  conver- 
sion efficiencies.  For  SF^^,  saturation  effects  complicate  the  situation  and  the  agreement  is 
less  satisfactory.  A detailed  discussion  of  the  theory,  as  well  as  more  experimental  data,  is 
being  prepared  for  publication.  ^ P Deutsch 

h!  Kildal 


E.  ENERGY  RELAXATION  RATES  IN  LIQUID  NITROGEN 

Liquid  systems  offer  an  interesting  potential  as  hosts  for  laser  active  molecules  in  the  in- 
frared. Higher  densities  and  qualitatively  different  spectral  distributions  can  be  achieved  in 
the  liquid  phase  than  in  the  gas  phase.  Molecular  vibrational  spectra  tend  to  lose  the  rotational 
fine  structure  that  is  evident  in  the  gas  phase  and  appear  as  relatively  broad  (1  to  100  cm  S 
spectral  features.  This  suggests  the  possibility  of  achieving  tunability  over  a broader  continu- 
ous wavelength  range  than  would  be  available  in  the  gas  phase.  (High-pressure  CO2  gas  lasers 
are  another  approach  toward  this  end.)  Since  the  liquid  phase  infrared  laser  media  possess  a 
high  density  of  molecules  coupled  with  an  extremely  rapid  rotational  relaxation  time,  they  are 
potentially  useful  for  applications  requiring  high  specific  energy  and  short  extraction  times. 
These  advantages  will  be  discussed  below  in  relation  to  the  specific  example  of  CO-doped  liquid 
nitrogen. 

Typical  energy  relaxation  times  for  complex  molecules  in  the  liquid  state  are  of  the  order 

-12 

of  10  sec  (Ref.  34).  These  liquids  are  then  very  undesirable  as  laser  hosts.  However,  Cala- 
35  36 

way  and  Ewing  * have  recently  measured  the  energy  relaxation  time  in  liquid  nitrogen  and 
find  a time  of  sec.  We  have  remeasured  this  time  using  a different  technique  and  find  that 
the  energy  relaxation  time  in  liquid  nitrogen  is  ~70  sec  and  is  limited  mainly  by  radiative 
processes. 

37 

At  high  pressures  and  in  its  condensed  phases  there  is  an  absorption  band  of  nitrogen 
around  the  vibration  frequency  of  2350  cm  ^ due  to  collision -induced  absorption.  Figure  II-8 
shows  the  absorption  spectra  of  a 5 -cm  path  length  of  liquid  nitrogen  which  has  been  doped  with 
a CO  density  of  6.6  x 10  cm  (this  corresponds  to  approximately  40  parts  per  million  of  CO). 
We  have  made  use  of  this  induced  absorption  to  optically  pump  the  nitrogen  vibrational  band  with 
an  HBr  laser,  which  has  a number  of  lines  within  the  broad  N2  band.  The  N2  lifetime  is  then 
monitored  by  detecting  the  fluorescent  decay  from  the  CO  molecules.  After  excitation,  the  vi- 
brational manifolds  of  the  N->  and  the  CO  equilibrate  rapidly  compared  with  the  energy  relaxa- 

^ 38 

tion  time  (we  have  not  yet  measured  this  V-V  time,  but  extrapolation  from  gas  phase  data  sug- 

7 

gests  a microsecond  time  scale  for  the  V-V  relaxation  while  the  V-T  time  scale  is  10  longer). 
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Fig.  II-8.  Infrared  transmission  of  liquid  nitrogen-CO  mixture  (CO  concentration 
6.6  X 10^^  cm"^,  path  length  5 cm). 


The  energy  then  decays  through  both  the  and  the  CO.  For  the  small  signal  regime,  this  de- 
cay is  exponential  and  is  characterized  by  a decay  rate  given  by 


(II-3) 


where  and  are  the  decay  rates  for  and  CO  molecules,  n^^  and  are  the  respec- 

2 -1  ^ 
tive  densities,  ^ = (l/kT)  « (l/50)  cm,  and  A€(185  cm  ) is  the  energy  difference  between  vibra- 
tional modes  of  the  and  CO  molecules.  This  exponential  factor  appears  because  of  the  ten- 
dency of  the  molecular  excitation  to  "fall  downhill"  into  the  lower -energy  vibration.  Figure  II-9 
shows  the  measured  decay  rates  as  a function  of  CO  concentration.  The  intercept  at  zero  CO 
concentration  of  0.015  ± 0.005  sec’^  gives  the  intrinsic  N2  decay  rate  which  agrees  with  the  ra- 
diative decay  rate  calculated  from  the  absorption  band  of  Fig.II-8.  Also  shown  in  Fig.  II-9  is 
the  limiting  decay  rate  determined  by  radiative  decay  of  the  CO  [the  radiative  lifetime  of  CO  in 
the  liquid  phase  is  22  msec  (Ref.  39)1.  The  experimental  points  are  in  reasonable  agreement 
with  this  calculated  decay  rate,  indicating  that  the  decay  processes  are  primarily  radiative. 

At  the  highest  CO  concentration  measured,  the  decay  rate  is  below  the  calculated  radiative  limit 
due  to  the  effects  of  radiation  trapping  in  the  (optically  dense)  CO  fundamental. 

This  system  of  CO  in  liquid  nitrogen  is  very  promising  as  an  infrared  laser  medium.  There 

22  “3 

are  excellent  energy  storage  capabilities  in  the  nitrogen  at  a density  of  1.7  X 10  cm  and  an 
energy  relaxation  time  of  approximately  70  sec.  Further,  the  V-V  transfer  time  into  the  CO  is 
fast,  and  thus,  if  the  system  is  pumped  above  the  threshold  for  laser  oscillation,  a short  high- 
energy  pulse  ('^lOO  nsec)  is  feasible.  The  CO  band  in  the  liquid  nitrogen  is  28  cm  ^ wide,  a 
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Fig.  II-9.  Measured  decay  rates  of  liciuid  N2"CO  mixtures. 

value  comparable  to  the  CO  anharmonicity;  thus,  transitions  between  higher -lying  levels  will 
add  to  the  frequency  coverage.  S R J Brueck 

R.  M.  Osgood,  Jr. 

F.  HIGH-RESOLUTION  SUBMILLIMETER-WAVE  SPECTROSCOPY 
USING  NON-COLLINEAR,  DIFFERENCE-FREQUENCY  MIXING 
OF  CO2  LASER  RADIATION 

Recently,  a new  CW  submillimeter  source  has  been  demonstrated  which  uses  non-collinear 

phase  matching  of  CO2  laser  radiation  in  GaAs  (Ref.  40).  Because  of  the  numerous  combinations 

of  CO2  laser  lines  available,  this  source  is  potentially  useful  for  high-resolution  spectroscopic 

studies.  It  combines  the  advantages  of  highly  monochromatic  radiation,  typical  of  laser  sources, 

with  the  additional  advantage  of  step-tunability  over  a wide  range  of  frequencies.  The  present 

-8 

study  evaluates  the  viability  of  the  existing  system,  which  has  an  average  power  output  of  10  W 
and  a mean  separation  between  lines  of  0.07  cm  for  the  investigation  of  rotational  molecular 
spectra  at  high  resolution. 

The  water-vapor  absorption  spectrum  is  of  particular  importance  since  it  is  the  dominant 

mechanism  for  submillimeter  attenuation  in  the  atmosphere.  Although  it  has  been  extensively 

41  -45 

studied  over  the  last  20  years  with  systems  of  ever-increasing  resolution,  many  of  the  ex- 

periments have  all  been  rather  limited  in  their  choice  of  wavelengths.  In  the  case  of  difference - 
frequency  generation,  considerable  frequency  latitude  is  available,  permitting  the  selection  of 
well-isolated,  optimal  lines  for  investigation.  After  evaluating  the  individual  water  lines  with 

regard  to  their  overlap  and  to  their  proximity  to  strong  submillimeter  lines,  two  frequency 

46 

ranges  were  chosen  for  the  present  experiment.  The  first  range  includes  the  doublet  at 
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55.405  cm  ^ and  55.702  cm  ^ while  the  second  region  of  interest 

is  at  62.301  cm”^  ^^23*^32^ • ^ first  case,  the  coincidence  of  several  source  lines  near  and 

between  the  doublet  should  give  a qualitative  measure  of  resolution,  while  in  the  second  case, 
two  isolated  source  lines  on  either  side  of  the  transition  should  yield  a more  quantitative  indica- 
tion of  resolution. 

The  experimental  source  configuration  was  similar  to  that  of  Ref.  40  except  for  the  addition 

of  motor  controls  to  facilitate  tuning  the  CO2  lasers.  Measurements  were  made  through  matched 

transmission  and  reference  cells  using  a pumped  helium-cooled  bolometer  as  a detector.  In 

order  to  obtain  spectroscopic  information  from  our  absorption  measurements,  the  technique  of 
47 

pressure  broadening  was  used.'  By  observing  the  effects  of  increasing  pressure  (or  the  intro- 
duction of  a foreign  gas)  on  the  transmission  at  a single  frequency,  the  line  parameters  for  a 
given  model  can  be  extracted.  Figure  II-IO  shows  the  general  features  of  a typical  plot  of  ab- 
sorption vs  pressure  squared  for  the  doublet.  It  clearly  shows  that  the  slopes,  which  vary  in- 
versely as  the  separation  from  line  center,  are  very  large  at  55.39235  cm  ^ (near  line  center) 
and  are  getting  smaller  as  one  moves  farther  out  onto  the  Lorentzian  tails.  For  the  transition 
at  62.3  cm”^,  some  of  the  reduced  data  is  shown  in  Table  II-l.  Even  with  this  rather  prelimi- 
nary approach,  the  results  are  comparable  to,  or  better  than,  the  best  obtainable  with  Fourier 
transform  interferometers. 


Fig.  n-10.  Self -broadening  data  and  best-fit  straight  lines 
in  55-  to  56-cm*^  wavelength  region.  Water-vapor  absorp- 
tion lines  are  at  55.405  and  55.702  cm“^. 
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COMPARISON 

TABLE  11-1 

OF  LINE  PARAMETERS  FOR  THE  62.3-cm"'  H 

TRANSITION 

Source 

Frequency 

r^(cfn  ' ) 

Line 

Intensity 
S(gm  ^cm) 

Self- Broadened 
Halfwidth 
Parameter 

a^(cm 

N2"Broadened 

Halfwidth 

Pdrameter 

Ratio 

V“N2 

Present  experiment 

62.302  ± 0.001 

5300  ± 1900 

0.41 3 ±0.015 

0.063  ±0.007 

6.6 

41 

Moller  and  Rothschild 

62.30 

- 

- 

- 

- 

Hall  and  Dowling^^ 

62.301 

- 

- 

- 

- 

AFCRL^^ 

62.301 

5210 

- 

0.088 

- 

44 

Yunker  and  Querfeld 

62.29 

- 

- 

- 

- 

45 

Benedict  and  Kaplan 

- 

- 

0.4726 

0.0909 

^53 

A number  of  technical  improvements,  especially  with  the  design  of  the  cells  and  with  the 
spectral  purity  of  the  CO^  lasers,  will  greatly  increase  the  system's  capability.  Our  results 
indicate  that  at  least  one  and  probably  two  orders  of  magnitude  improvement  in  resolution  can 
be  obtained.  In  addition,  the  use  of  a high-pressure  capillary  CO^  laser  as  one  of  the  input 
frequencies  could  produce  an  almost  continuously  tunable  source  for  submillimeter  and  far-IR 

spectroscopy.  P.  D.  Mandelt 

H.  R.  Fetterman 
R.  L.  Aggarwalt 


t Also  Department  of  Physics,  M.I.T. 
t Francis  Bitter  National  Magnet  Laboratory,  M.I.T. 
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m.  MATERIALS  RESEARCH 

A.  DOUBLE-HETEROSTRUCTURE  GalnAsP/InP  DIODE  LASERS 

Room -temperature  operation  of  Ga^_^In^As^^^P^/InP  double -heterostructure  (DH)  diode 
lasers  has  been  achieved.  Broad-area  devices  emitting  at  1.1  pm  have  been  fabricated  from 
three -layer  films  grown  by  liquid-phase  epitaxy  (LPE)  on  InP  substrates.  Pulsed  thresholds  as 
low  as  2.8  kA/cm  have  been  obtained  for  an  active  region  thickness  of  about  0.6  [im.  With 
thresholds  in  this  range,  it  should  be  possible  to  produce  stripe -geometry  lasers  capable  of 
continuous  operation  at  room  temperature.  Such  CW  lasers  would  be  of  particular  interest  for 
communication  systems  using  optical  fibers,  which  have  their  minimum  transmission  loss  near 
1.1  pm  (Ref.  1). 

Three  different  active -layer/barrier -layer  combinations  have  been  used  for  DH  diode 

lasers  emitting  at  wavelengths  near  1 pm:  Ga.  In  As/Ga._  In  P (Ref.  2),  GaAs._  Sb  / 

Ga.  A1  As.  Sb  (Ref.  3),  and  Ga.  In  As.  P /lnP(Ref.  4).  Pulsedroom-temperatureop- 
1-y  y 1-x  X 1-x  X 1-y  y'  ^ 

eration  has  been  reported  for  the  first^  and  second^  combinations,  in  both  of  which  the  active 
layer  is  a ternary  alloy  between  GaAs  and  a lower-bandgap  III-V  compound.  Since  GaAs  differs 
significantly  in  lattice  constant  from  both  ternaries,  in  each  case  the  barrier  layers  must  be 
formed  by  another  alloy  whose  composition  can  be  adjusted  to  give  the  high  degree  of  active/ 
barrier  lattice  matching  that  is  essential  for  efficient  laser  operation.  Consequently,  the  com- 
positions of  three  layers  — the  active  region  and  both  barriers  — must  be  accurately  controlled 
for  optimum  device  performance.  Furthermore,  to  obtain  epitaxial  layers  of  sufficiently  high 
quality  it  is  necessary  to  grow  intermediate  alloy  layers  with  either  continuous  or  step-wise 
composition  grading  on  the  GaAs  substrates  before  deposition  of  the  heterostructures.  In  pre- 
paring GaAsSb/GaAlAsSb  lasers,  for  example,  three  GaAsSb  layers  of  different  compositions 
have  been  grown  between  the  substrate  and  the  first  GaAlAsSb  barrier. 

Operation  of  DH  diode  lasers  utilizing  GalnAsP  alloys  for  emission  near  1 pm  has  previously 
been  limited  to  77  K (Ref.  4),  However,  these  quaternary  alloys  offer  several  potential  advantages 
because  the  presence  of  four  components  makes  it  possible  to  obtain  the  same  lattice  constant  as 
that  of  InP  over  a range  of  compositions  that  give  energy  gaps  corresponding  to  any  wavelength 
between  0.92  and  1.7  pm  (Ref.  5).  For  1,1  pm  or  any  other  wavelength  in  this  range,  only  the 
composition  of  the  active  region  requires  accurate  control  in  order  to  achieve  excellent  (in  prin- 
ciple, perfect)  lattice  matching  to  barrier  layers  of  InP,  whose  composition  is  fixed  because 
this  compound  has  a narrow  homogeneity  region.  The  possibility  of  such  accurate  control  has 
been  demonstrated  by  the  LPE  growth  of  GalnAsP  layers  on  InP  for  photoemissive  devices^  as 

4 

well  as  for  diode  lasers.  Furthermore,  the  LPE  growth  procedure  is  simplified  because  the 
heterostructure  layers  can  be  grown  directly  on  InP  substrates,  without  the  need  for  interme- 
diate composition-graded  alloy  layers.  In  addition,  the  elimination  of  lattice  mismatch  from 
the  entire  device  structure  should  cause  a reduction  in  defects  and  strain,  and  therefore  might 
result  in  longer  operating  lifetimes. 

To  prepare  lasers  emitting  at  1.1  pm,  successive  layers  of  p-doped  InP,  undoped 

Ga^  12^0  88^®0  23^0  77'  n-doped  InP  were  grown  on  InP  substrates  in  a horizontal  sliding 

boat  machined  from  high-purity  graphite.  The  substrates  were  (lll)-oriented  wafers  cut  from 

18  -3 

a Zn-doped  ingot  (p  = 4 X 10  cm  ) grown  from  a stoichiometric  melt  by  the  horizontal  gradient- 

7 

freeze  technique.  The  111-B  substrate  surface  was  ground  with  2 -pm  alumina  and  then 
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Fig.  III-l.  Room-temperature 
emission  spectrum  of  pulsed 
GalnAsP/lnP  DH  laser  for  drive 
current  density  about  1 0 percent 
above  threshold. 


Fig.  III-2.  Room-temperature 
power  output  (Pp)  of  pulsed 
GalnAsP/lnP  DH  laser  vs  input 
current  (Ijn)* 


Fig.  HI-3.  Threshold  current  (Jth) 
1/L,  where  L is  cavity  length,  for 
pulsed  GalnAsP/lnP  DH  lasers. 
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chem-mech  polished  with  Br-CH^OH.  All  the  LPE  layers  were  grown  at  a cooling  rate  of 

0.7®C/min.  from  In-rich  solutions  that  were  supercooled  by  3®  to  10®C  below  their  saturation 

temperatures  before  placing  them  in  contact  with  the  substrate  at  temperatures  near  635 ®C.  As 

in  the  case  of  GaAs  and  GaAlAs  (Ref.  8),  the  supercooling  technique  yields  smooth,  flat  layers 

of  uniform  thickness.  The  growth  solutions  for  the  p-  and  n-type  InP  layers  were  doped  with 

18  -3 

sufficient  Zn  and  Sn,  respectively,  to  give  carrier  concentrations  of  about  3X10  cm  accord- 

9 10 

ing  to  published  distribution  data.  ' The  p-type  InP  layers  were  '-S  pm  thick,  the  n-type  InP 
layers  ^2  pm  thick,  and  the  GalnAsP  layers  from  0.2  to  2 pm  thick.  The  active  layers  were  too 
thin  for  accurate  electron  microprobe  analysis.  The  composition  of  Ga^  ^^^0  88“^®0  23^0  77 
was  found  by  analyzing  somewhat  thicker  layers  grown  under  the  same  experimental  conditions. 
(Although  in  principle  active  layers  could  be  grown  directly  on  the  InP  substrate,  this  procedure 
would  yield  imperfect  layers  because  some  decomposition  of  the  substrate  occurs  by  preferential 
evaporation  of  P during  the  heating  period  before  LPE  growth.  Better  heterostructures  are 
obtained  by  first  depositing  an  InP  layer  and  then  immediately  growing  the  GalnAsP  layer  before 
decomposition  can  occur.) 

After  being  removed  from  the  LPE  growth  furnace,  the  wafer  was  ground  on  the  substrate 
side  to  reduce  its  overall  thickness  to  about  100  pm.  Contacts  to  the  p-  sind  n-type  sides  were 
made  by  evaporating  Au/Zn  and  Au/Sn,  respectively,  and  alloying  at  350®C.  The  wafer  was 
then  sawed  and  cleaved  to  form  diodes  with  Fabry-Perot  cavities.  A preliminary  evaluation  of 
the  diodes  was  made  by  using  an  infrared  microscope  to  examine  their  spontaneous  emission 
under  forward  bias.  The  radiation  observed  from  properly  lattice -matched  structures  originates 
mainly  from  the  active  region,  but  the  emission  is  very  weak  or  undetectable  from  active  regions 
with  compositions  that  do  not  give  the  same  lattice  constant  as  InP. 

Figure  III-l  is  the  room -temperature  spectrum  of  a DH  diode  with  an  active  region  about 
0.6  pm  thick,  measured  at  a current  density  about  10  percent  above  the  laser  threshold  (J^^). 

The  radiation  is  concentrated  almost  entirely  in  a single  peak  at  1.105  pm.  From  the  spacing 
of  the  cavity  modes,  which  extend  from  1.095  to  1.113  pm,  the  effective  refractive  index  is  found 
to  be  about  5.1.  The  photon  energy  at  the  peak  is  1.12  eV,  about  50  meV  less  than  the  energy  gap 
given  for  Ga^  ^^^O  88 ^®0  23^0  77  ^ published  empirical  relationship.^  Such  differences  are 

generally  observed  for  diode  lasers  because  most  of  the  lasing  transitions  involve  impurity  levels. 

As  the  thickness  (d)  of  the  active  region  is  decreased  below  2 pm,  the  value  of  decreases 
linearly  with  d,  reaches  a minimum  at  about  0.5  pm,  and  then  increases  rapidly.  The  lowest 
value  of  so  far  obtained  is  2.8  kA/cm^,  which  was  measured  for  a diode  with  d = 0,6  pm  and 
a cavity  length  (L)  of  475  pm.  In  the  linear  region,  the  values  are  about  70-percent  higher 
than  those  reported^  ^ for  GaAs/GaAlAs  DH  lasers  with  the  same  values  of  d.  The  value  of 
for  a given  GalnAsP/lnP  diode  decreases  by  about  a factor  of  20  from  300  to  77  K. 

The  variation  of  the  total  output  power  (P^)  emitted  from  both  faces  of  a typical  diode  is 
plotted  against  input  current  (I^)  in  Fig.  ni-2.  The  diode  was  driven  by  1-psec  pulses  with  a 
duty  cycle  of  1 percent,  and  the  output  was  measured  with  a calibrated  Si  photodiode.  The 
threshold  current  is  about  0.7  A.  Above  threshold  the  differential  external  quantum  efficiency 
is  17.5  percent,  about  one-third  the  values  for  state-of-the-art  GaAs /GaAlAs  DH  lasers,^ ^ and 
the  differential  power  efficiency  is  9.5  percent.  At  2 the  total  output  power  is  135  mW  and 
the  overall  power  efficiency  is  4.9  percent. 

For  lasers  with  d = 0,5  pm  and  values  of  L between  90  and  500  pm,  is  found  to  vary 
linearly  with  l/L,  as  shown  in  Fig.  III-3.  From  the  relationship  = (of/0)  + (i/Lfi)  In  (l/R), 
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where  a is  the  loss,  ^ is  the  gain,  and  R « 0.29  is  the  reflectivity  of  the  active  layer,  the  ex- 

-1  -1 

perimental  data  give  a = 68  cm  and  0-30  cm  (kA)  . The  differential  internal  quantum  effi- 
ciency calculated  from  a and  0 is  37  percent,  about  half  the  value  for  GaAs/GaAlAs  DH  lasers.^  ^ 
In  conclusion,  the  excellent  properties  of  the  DH  GalnAsP/lnP  diode  lasers  even  at  this  early 
stage  of  development,  together  with  their  structural  simplicity  and  consequent  ease  of  fabrication, 
make  them  promising  devices  for  applications  in  optical  communications  and  integrated  optical 
circuits. 


J.J.  Hsieh 
M.  C.  Finn 


S.  R.  Chinn 
J.  A.  Rossi 


B.  PHOTOELECTROLYSIS  OF  WATER 

Detailed  measurements  have  been  made  on  the  photoelectrolysis  of  water  in  cells  with  single- 
crystal n-type  SrTiO^  anodes.^  By  confirming  our  preliminary  observation  of  photoelectrolysis 
with  SrTiO^  (Ref.  12),  these  measurements  establish  that  TiO^  is  not  unique  in  its  ability  to  cat- 
alyze the  decomposition  of  water.  The  quantum  efficiencies  measured  with  SrTiO^  in  the  absence 
of  a bias  voltage  are  about  an  order  of  magnitude  higher  than  those  obtained  with  Ti02.  Because 
the  energy  gap  of  SrTiO^  is  3.2  eV,  this  increase  in  quantum  efficiency  does  not  result  in  prac- 
tical solar  conversion  efficiencies.  The  increase  is  significant,  however,  because  it  is  cor- 
related with  a decrease  in  electron  affinity.  This  correlation  supports  the  energy-level  model 

12 

that  we  have  proposed  for  photoelectrolysis,  and  it  confirms  the  conclusion  that  both  electron 
affinity  and  energy  gap  must  be  considered  in  the  search  for  improved  electrode  materials. 

Photoelectrolysis  cells  were  prepared  by  immersing  an  SrTiO^  anode  and  a platinized-Pt 
cathode  into  an  aqueous  electrolyte  contained  in  a fused-quartz  vessel.  Each  electrode  was 
capped  with  an  inverted  buret  filled  with  electrolyte,  so  that  the  gas  evolved  could  be  collected 
by  liquid  displacement  for  volumetric  measurement  and  chemical  analysis.  Provision  was  made 
for  flushing  the  electrolyte  with  either  or  Ar  in  order  to  remove  dissolved  O^.  [If  an  appre- 
ciable concentration  of  dissolved  is  present,  as  is  the  case  for  water  in  equilibrium  with  air 
at  atmospheric  pressure,  transfer  of  electrons  from  the  cathode  to  the  electrolyte  takes  place 
by  reduction  of  rather  than  by  discharge  of  H^  (Ref,  12).]  Measurements  were  generally  made 
after  the  solution  had  been  purged  for  several  hours. 

In  order  to  determine  what  experimental  conditions  would  yield  the  highest  photoelectro  lytic 

1 3 

quantum  efficiencies,  differential  space -charge  capacitance  and  surface  photovoltage  techniques 
were  used  to  measure  the  flat-band  potential  (6p)£|^  for  SrTiO^,  relative  to  a saturated  calomel 
electrode,  as  a function  of  electrolyte  pH.  The  results  of  these  measurements  indicated  that  the 
maximum  band  bending  is  obtained  at  pH  values  above  -^13.  [For  the  same  pH,  the  (^p)£|^  value 
for  TiO^  is  about  0.2  eV  less  negative  than  the  corresponding  SrTiO^  value, ] To  take  advantage 
of  the  increased  band  bending  at  high  pH,  most  of  the  photoelectrolysis  experiments  with  SrTiO^ 
were  performed  with  strongly  alkaline  electrolyte  solutions  (;^0.1N  KOH  or  NaOH).  Incidentally, 
the  solubilities  of  both  and  H2  are  reduced  in  such  alkaline  solutions,  so  that  the  evolution  of 
H^  bubbles  at  the  cathode  is  readily  observed  even  without  purging. 

To  determine  whether  photoelectrolysis  is  the  only  chemical  reaction  that  takes  place  when 
SrTiO^  cells  are  illuminated,  the  gases  evolved  at  the  electrodes  of  a cell  were  collected  and 
sinalyzed.  The  gas  evolved  at  the  cathode  was  identified  as  H^  because  it  was  completely  ab- 
sorbed by  hot  CuO,  while  that  evolved  at  the  anode  was  identified  as  because  it  was  completely 

t Preliminary  experiments  with  an  anode  prepared  by  pressing  powdered  SrTiO^  gave  results 
similar  to  those  obtained  with  single -crystal  anodes. 
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absorbed  by  pyrogallol.  At  high  pH  values,  where  the  accuracy  of  the  measurements  was  highest 
because  the  amounts  of  gas  were  greatest,  the  volumes  of  gas  collected  at  the  cathode  and  anode 
were  found  to  be  over  90  percent  of  the  values  calculated  from  the  integrated  electric  current  by 
assuming  that  the  only  reactions  were  those  of  photoelectrolysis;  the  differences  can  be  attributed 
to  collection  losses. 

The  external  photoelect rolytic  quantum  efficiency  (rj^)  was  measured  as  a function  of  photon 
energy  (hi^)  by  means  of  experiments  in  which  the  anode  of  a cell  was  illuminated  by  monochro- 
matic light  from  a source  consisting  of  a 1000-W  Xe  lamp  and  a grating  monochromator.  The 
light  intensity  (S)  incident  on  the  cell  was  determined  by  measuring  the  spectral  power  output 
of  the  monochromator  with  a thermopile  power  meter.  The  value  of  defined  as  100  times 
the  ratio  of  the  number  of  electrons  flowing  in  the  external  circuit  to  the  number  of  photons  in- 
cident on  the  cell,  was  determined  from  the  measured  current  density  (J)  by  using  the  expression 


7)  = 100  4 hv  (m-1) 

q o 

2 2 

where  J is  given  in  A/cm  , S in  W/cm  , and  hv  in  eV. 

The  variation  of  with  hv  is  plotted  in  Fig.  II1-4  for  a cell  in  which  the  anode  and  cathode 
were  shorted  together.  The  electrolyte  was  a ION  NaOH  solution  that  had  been  thoroughly  purged 

to  remove  dissolved  0~.  The  threshold  energy  for  photoelectrolysis  is  3.2  eV,  the  value  re- 
14  ^ 

ported  for  the  direct  energy  gap  of  SrTiO^.  The  value  of  peaks  in  the  region  between 
3.7  and  3.9  eV.  The  maximum  value  is  10  percent,  about  an  order  of  magnitude  greater  than 
the  highest  values  obtained  for  photoelectrolysis  in  cells  with  TiO^  anodes  in  the  absence  of  a 
bias  voltage.  This  increase  in  is  due  to  the  increased  band  bending  of  SrTiO^  (about  0.2  eV 
for  a cell  without  a bias  voltage),  which  increases  the  fraction  of  photo-generated  electron-hole 
pairs  that  are  separated  at  the  anode  surface. 

Even  with  the  amount  of  band  bending  in  SrTiO^,  is  limited  because  most  of  the  photo - 
generated  pairs  still  recombine  without  contributing  to  photoelectrolysis.  The  efficiency  of  pair 
separation  and  therefore  the  value  of  can  be  greatly  increased  by  applying  a bias  voltage  (Vj^) 
to  makegp  (anode)  more  positive  than  6 p,  (cathode),  thus  increasing  the  band  bending.  This  ef- 
fect is  shown  in  Fig.  Ill- 5,  where  77 q for  hv  = 3.8  eV  is  plotted  as  a function  of  V^.  The  value  of 
17 q increases  rapidly  with  increasing  V^,  reaching  about  80  percent  for  > 1 V.  If  reflection 
and  absorption  losses  are  taken  into  account,  the  highest  77 ^ values  correspond  to  internal  quan- 
tum efficiencies  approximating  100  percent.  For  the  same  photon  energy.  Fig.  Ill- 5 also  shows 
the  dependence  on  of  the  power  conversion  efficiency  (77  ^)  defined  as  100  times  the  ratio  of 
the  power  available  in  the  collected  to  the  total  of  incident  optical  power  (P^p^)  and  electrical 
power  applied: 


= 100 


1.23  1 
Popt  + Vfel 


where  I is  the  cell  current. 
« 0.7  V. 


The  maximum  value  of 


is  25  percent,  which  is  obtained  at 


Although  the  peak  quantum  efficiency  of  photoelectrolysis  can  be  increased  to  essentially 
100  percent  by  applying  sufficient  bias  voltage,  an  ideal  anode  material  for  achieving  maximum 
power  conversion  efficiency  would  exhibit  sufficient  band  bending  to  produce  effective  separation 
of  electron-hole  pairs  even  at  zero  bias  voltage.  Therefore,  the  electron  affinity,  as  well  as  the 
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Fig.  III-4.  External  quantum  efficiency  (T?q)  at  zero  bias  voltage  vs  photon 
energy  (hi^)  for  photoelectrolysis  of  water  in  cell  with  SrTiO-  anode  in 
ION  NaOH  solution. 


Fig.  III-5.  External  quantum  efficiency  (rj^) 
and  power  conversion  efficiency  (17  p)  vs  bias 
voltage  (Vb)  for  photoelectrolysis  of  water  in 
cell  with  SrXi03  anode  in  ION  NaOH  solution. 
Photon  energy  was  3.8  eV. 
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energy  gap,  should  be  considered  in  evaluating  semiconductors  for  possible  use  in  the  conversion 
of  solar  energy  by  means  of  photoelectrolysis.  The  electron  affinity,  or  more  precisely  the  work 
function,  is  the  characteristic  property  of  a semiconductor  that  determines  the  flat-band  potential 
when  the  material  is  immersed  in  an  electrolyte,  just  as  it  determines  the  contact  potential  dif- 
ference between  the  semiconductor  and  a metal.  Thus,  the  difference  of  O.Z  eV  between  the 
values  of  for  SrTiO^  and  TiO^  is  just  equal  to  the  difference  between  the  contact  potential 

differences  of  0.5Z  and  0.31  eV  that  we  measured  for  these  two  materials  with  respect  to  Au  by 
using  the  Kelvin  method  in  air.  An  ideal  anode  material  for  solar  energy  conversion  would  have 
an  electron  affinity  several  tenths  of  an  electron  volt  less  than  that  of  SrTiO^,  as  well  as  an 

energy  gap  about  1 eV  lower.  j Mavroides 

J.  A.  Kafalas 

D.  F.  Kolesar 


C.  STARK-SPLIT  EXCITONIC  SURFACE  STATES  ON  MgO 

With  the  objective  of  elucidating  the  role  played  by  surface  states  in  the  photoelectrolysis 
of  water  in  cells  with  TiO^  and  SrTiO^  anodes  (see  Sec.  III-B),  we  have  been  using  reflection 
electron  energy-loss  spectroscopy  (ELS)  to  study  the  surface  electronic  structure  of  these  and 

related  materials.  Initial  results  obtained  for  TiO^  and  other  titanium  oxides  were  reported 
15  ^ 

previously.  As  part  of  this  investigation,  ELS  studies  are  also  being  made  on  MgO  (Ref.  16), 
since  an  understanding  of  electron  energy-loss  processes  in  this  relatively  simple  and  well- 
studied  oxide  will  aid  the  interpretation  of  loss  spectra  for  TiO^  and  other  transition-metal 
oxides. 

By  determining  both  the  angle -of-incidence  and  primary-electron-energy  dependence  of  the 
ELS  spectra  for  MgO,  we  have  been  able  to  unambiguously  separate  transitions  from  the  Mg(Zp) 
and  Mg(Zs)  core  levels  to  excited  states  into  those  of  bulk  and  surface  origin.  The  energies  of 

the  bulk  excitonic  transitions  are  in  good  agreement  with  the  optically  observed  excited  states 
Z+  17 

of  the  free  Mg  ion.  The  surface -state  transitions  can  be  described  well  by  a simple,  one- 

' Z + 

parameter  model  for  the  Stark  splitting  of  the  bulk  Mg  -like  excitonic  states  in  an  electric 

Z + 

field  & at  the  position  of  a surface  Mg  ion.  The  experimentally  determined  value  of  & is 

° Q Q S 

3.0  X 10  V/cm,  compared  with  the  value  of  3.7  X 10  V/cm  calculated  for  the  electric  field 
produced  by  the  Madelung  poterrtial  gradient.  This  is  the  first  quantitative  identification  of  Stark 
splitting  of  electronic  energy  levels  in  the  intense  Madelung  electric  fields  at  the  surface  of  ionic 
insulators. 

By  varying  the  energy  and  angle  of  incidence  of  the  primary-electron  beam,  a wide  range 
of  effective  depths  can  be  sampled  in  ELS.  The  electron  mean  free  path  in  a solid  increases 

o o 18 

from  4 to  5 A for  energies  between  about  40  and  150  eV,  to  ZO  to  30  /V  for  ZOOO-eV  electrons. 
Thus,  an  ELS  spectrum  taken  with  a primary-electron  energy  Ep  ~ ZOOO  eV  at  normal  incidence 
will  be  dominated  by  transitions  of  bulk  origin,  whereas  a normal-incidence  spectrum  taken  with 
Ep  100  eV  will  exhibit  both  bulk  and  surface  transitions.  The  contribution  of  bulk  transitions 
to  the  spectr\im  can  be  virtually  eliminated  by  using  a primary  beam  of  --100  eV  at  grazing 
incidence.  We  have  used  this  approach  to  separate  our  spectra  into  structure  of  bulk  and  sur- 
face origin.  By  using  a double-pass  cylindrical-mirror  electron  spectrometer  and  retarding 
the  emitted  electrons  to  a constant  energy  of  50  eV,  an  energy- independent  resolution  of  0.8  eV 
was  maintained.  Modidation  was  applied  to  the  gun  accelerating  voltage  in  order  to  eliminate 
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Auger  peaks  from  the  spectra.  First-derivative  energy-loss  spectra  were  obtained  by  recording 
dn(E)/dE,  where  E is  the  electron  kinetic  energy  in  vacuum,  vs  energy  loss  Ej^;  the  location 
of  peaiks  in  n(E)  could  be  determined  from  these  spectra  to  within  ±0.2  eV. 

The  MgO  samples  were  (100)  surfaces  cleaved  from  a single  crystal  and  etched  in  boiling 
H^PO^  (85  percent).  The  surfaces  were  then  sputter-etched  in  an  ultrahigh  vacuum  system  with 
260-eV  Ar  ions  incident  at  about  70*  to  the  surface  normal.  Some  samples  were  also  annealed 
for  5 min.  at  about  1200 ®C.  Both  treatments  yielded  very  good  LEED  patterns  and  gave  the  same 
energy-loss  spectra. 

The  experimental  ELS  spectra  for  transitions  from  the  Mg(2p)  and  Mg (2s)  core  levels  to 
excited  states  are  shown  in  Fig.  III-6(a-c).  The  solid  curves  are  Mg(2p)  spectra;  they  can  be 
compared  directly  with  the  optically  observed  Mg  free-ion  Spectrum  in  Fig.  III-6(d)  (Ref.  17). 
The  Spectra  for  transitions  from  the  Mg(2s)  core  level,  which  lies  38.  4 eV  below  the  Mg(2p) 
level,  show  similar  excited- state  structure;  one  such  spectrum  is  shown  by  the  dotted  curve  in 
Fig.  III-6(b),  The  spectrum  in  Fig.  UI-6(c)  is  for  E^  = 2000  eV,  normal  incidence,  and  the  posi- 
tions of  peaks  in  n(E)  are  labeled  through  Bg,  indicating  their  bulk  origin.  The  locations  of 
these  peaks,  which  are  given  in  Table  III-l,  are  in  good  agreement  with  those  for  transitions 


Fig.  III-6.  First-derivative  energy-loss 
spectra,  dn(E)/dE  vs  energy  loss  El,  for 
transitions  from  the  Mg(2p)  (solid  lines) 
and  Mg (2s)  (dotted  line)  core  levels  in 
MgO(lOO),  (a)  Ep  = 120  eV,  grazing  in- 
cidence; (b)  Ep  = 120  eV  (solid  line)  and 
200  eV  (dottedUine),  normal  incidence; 

(c)  Ep  = 2 000  eV,  normal  incidence; 

(d)  observed  Mg2+  free-ion  spectrum  from 
Ref,  17.  Mg (2s)  spectrum  has  been  shifted 
down  by  38.4  eV  to  align  it  with  Mg(2p) 
spectrum.  Positions  of  bulk  peaks  B| 
through  Bg  and  surface . peaks  through 
S£,  are  indicated  in  (c)  and  (a),  respectively. 
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TABLE  III 

-1 

OBSERVED  Mg^p)-EXCITED  STATE  TRANSITIONS  IN  MgO 

Previous  Experiments  (eV) 

This  Work  (eV) 

Transmission 

X-Ray 

UV 

Surface^ 

Bulk'’ 

ELS"^ 

Absorption^ 

Reflectivity® 

51.3 

- 

- 

- 

- 

- 

53.7 

54 

53.5 

53.5 

56.0 

- 

55.8  (vw) 

- 

- 

58.0 

57.8 

57.9 

57.4 

57.3 

- 

60.1 

60,5  (w) 

60.5  (w) 

- 

60.9 

- 

- 

- 

- 

65.4 

65.4 

65 

65.0 

64 

- 

68.6  (w) 

- 

68.2 

- 

- 

70.2 

69.5 

70.5 

- 

73.2 

- 

- 

- 

- 

- 

74.5 

74 

- 

- 

- 

77.5 

- 

76.5 

- 

a.  through  in  Fig,  lll-6(a). 

b.  through  Bg  in  Fig.  Ill-6(c), 

c.  From  Fig.  1 of  Ref.  19, 

d.  Ref.  20. 

e.  From  Fig,  1 of  Ref. 21 . 

19 

from  the  Mg(2p)  core  level  to  excited  states  observed  by  high-energy  transmission  ELS,  x-ray 
absorption  spectroscopy,^^  and  ultraviolet  reflectivity,^^  all  of  which  are  basically  bulk  probes. 
The  energies  of  peaks  B^,  B^,  and  B^  are  very  close  to  the  3s,  3p,  3d,  and  4s  levels,  re- 

spectively, in  the  Mg^^  2p  ni  series  in  Fig.  III-6(d)  (Ref.  16).  Additional  peaks  are  seen  up 
to  the  ionization  limit  of  the  free  Mg^***  ion,  with  no  further  structure  until  the  onset  of  the  Mg (2s) 

spectrum  at  E,  « 90  eV.  Peak  B.,  which  is  only  present  for  E > 500  eV,  may  be  due  to  the 

^ 2+  ^2-  ^ 
excitation  of  both  an  Mg  ion  and  an  O ion. 

As  the  primary-electron  energy  is  lowered,  surface-state  transitions  appear  in  the  energy- 
loss  spectrum,  and  at  Ep  = 120  eV,  normal  incidence  [Fig.  Ill-6(b)],  the  bulk  and  surface  contri- 
butions are  of  comparable  magnitude.  The  Mg(2s)  spectrum  in  Fig.  IIl-6(b),  taken  with  E^  = 

200  eV,  normal  incidence,  also  contains  peaks  arising  from  both  bulk  and  surface  transitions. 

On  going  to  grazing  incidence  at  Ep  = 120  eV  [Fig.  III-6(a)],  only  surface-state  transitions 
through  remain  in  the  spectrum.  The  locations  of  these  surface -state  peaks  in  n(E)  are  given 
in  Table  III-l.  Both  the  bulk  and  surface  peaks  listed  in  the  table  were  observed  in  our  earlier 
ELS  measurements  on  MgO  (Ref.  16),  but  we  were  unable  to  distinguish  between  them  either  ex- 
perimentally or  theoretically. 
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E(«V) 


2 + 

The  similarity  between  the  excited-state  spectrum  of  a free  Mg  ion  and  the  ELS  spectrum 

of  bulk  transitions  from  the  Mg(2s)  and  Mg(2p)  states  in  MgO  suggests  that  an  ionic  description 

22 

is  also  applicable  to  the  surface  transitions.  As  discussed  by  earlier  workers,  an  ion  at  the 
surface  of  a crystal  does  not  experience  the  ssime  Madelung  potential  as  the  same  ion  in  the  bulk. 
The  Madelung  shifts  of  the  initial  and  final  states  of  a surface  ion  should  be  essentially  the  same, 
producing  no  net  shift  in  its  transition  energies.  However,  in  an  ionic  insulator  there  is  a large 
gradient  of  the  Madelung  potential  at  the  surface,  giving  rise  to  a strong  electric  field  that  should 
produce  a Stark  mixing  of  ionic  states.  We  have  applied  a simple  model  of  this  effect  to  the 

2,4- 

calculation  of  the  Stark-split  spectrum  of  the  Mg  surface  ions  in  MgO. 

In  our  model,  an  average  electric  field  ^g’at  the  position  of  a surface  Mg^^  ion  and  normal 

to  the  surface  is  assumed  to  produce  a Stark  interaction  term  . r.  In  evaluating 

the  Stark  effect,  we  consider  only  the  contribution  of  the  one-electron  3s,  3p,  3d,  4s,  4p,  4d, 

2 + 

and  4f  states  of  the  excited  Mg  ion.  Term  structure  due  to  the  interaction  of  the  core  hole  and 
the  excited  electron  is  neglected.  The  Stark  shifts  of  the  2s  and  2p  core  holes  are  also  neglected, 
since  they  are  calculated  to  be  less  than  3 percent  of  the  3s  Stark  shift.  The  matrix  elements  of 
the  Stark  interaction  for  the  Mg^^  ion  are  written,  stark  ^ <n*/'m^|  ?|  nim^>, 

where  g ' = e ^g^^eff*  ^eff  ^ effective  charge  seen  by  the  electron  in  its  excited  orbit,  and 
the  <n*i'm^  I i^l  nlm^^  are  the  matrix  elements  of  r for  the  hydrogen  atom.^^  The  values  for  the 
3s,  3p,  3d,  4s,  4p,  4d,  and  4f  energy  levels  are  taken  from  the  observed  bulk  peaks  (B^,  B^, 

B.,  Be,  B-,  B/,  and  B , respectively),  and  each  one  lies  roughly  within  the  range  of  multiplet 

^ D D b f 2 

energies  for  the  corresponding  level  of  the  Mg  free  ion  spectrum.  The  identification  of  the 
peaks  beyond  B^  is  not  critical  to  the  location  of  the  surface  peaks  S^  through  S^. 

The  results  of  the  Stark-effect  calculation  are  summarized  in  Fig.  III-7,  which  shows  the 
energy  levels  of  the  excited  states  as  a function  of  the  parameter  6 'expressed  in  atomic 

units  (au).  The  levels  above  *^70  eV  are  not  accurate  because  of  the  neglect  of  n = 5 and  higher 


Fig.  ni-7.  Energy  of  Stark-split  Mg  ^ excited 
states  vs  normalized  surface  electric  field  6' 
(in  atomic  units).  Full  lines  represent  m^  = 
0 levels,  dashed  lines  are  m/  = ±1  levels,  and 
dotted  lines  are  m^  = ±2  levels.  The  m^  = ±3 
level  associated  with  4f  is  not  shown.  Squares 
are  observed  bulk  peaks;  dots  and  triangle  are 
observed  surface  peaks.  Triangular  point  is 
inferred  to  be  an  m^  = ±1  level  in  view  of  se- 
lection rule  discussed  in  text. 
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states.  The  best  overall  fit  to  the  observed  surface  peak  energies,  indicated  by  the  dots  and 
triangle  in  Fig.  I1I-7,  is  obtained  for  & s 0.035  au.  For  the  Mg^^  free-ion  spectrum,  a rough 
fit  of  the  energy  levels  for  n = 3 -►  « relative  to  the  ionization  limit  is  given  by  a hydrogenic 
series  with  a screened  charge  of  ~ 3,  as  expected.  For  6'  = 0.035  au,  this  value  of 

gives  the  average  surface  electric  field  seen  by  an  excited  Mg^^  electron  as  S 0.11  au  (3.0  x 

8 ^ 

10  V/cm).  This  value  of  is  in  satisfactory  agreement  with  the  calculated  Madelung  electric 

field  at  the  center  of  a Mg^"^  ion  on  the  undisplaced  (100)  surface  of  MgO,  = 0.136  au  (3.7  x 

10®  v/cm). 

Additional  evidence  for  the  Stark-effect  model  of  the  surface  states  is  provided  by  the  very 

small  amplitude  of  peak  in  the  Zs  ni  surface  spectrum  at  normal  incidence  [see  dotted 

^ 2 + 

curve  in  Fig.  111-6 (b)].  Because  the  interaction  of  the  Mg  surface  ion  with  a normally  incident 

electron  beam  has  cylindrical  symmetry,  the  resulting  transitions  should  have  Am  = 0 (assuming 

24  ^ 

small  angle  scattering)  so  that  the  (2s, m^  = 0)  (nl,m^  = ±1)  transitions  are  forbidden.  When 

the  electron  beam  is  tipped  away  from  normal  incidence,  the  symmetry  selection  rule  breaks 

down.  We  do  observe  a strong  increase  in  the  relative  intensity  of  the  (2s, m^  = 0)  -♦  (3p,m^  = ±1) 

transition  at  grazing  incidence.  The  (2p,m^  = 0)  and  (2p,m^  = ±1)  states  are  almost  degenerate; 

therefore,  transitions  from  the  2p  levels  to  final  states  with  m^  = 0 or  ±1  are  observed  even  at 

normal  incidence. 

Although  the  phenomenological  identification  of  both  the  bulk  and  surface  transition  spectra 

2 + 

of  the  Mg  ion  in  MgO  with  the  spectrum  of  the  free  Mg  ion  is  quite  satisfactory,  a conceptual 

difficulty  remains. ’ For  3,  a rough  hydrogenic  value  for  the  size  of  the  Mg^^,  n = 3 orbit 

is  r ~ (3n^/2Zgff)  a„  , 2.25  A.  Since  the  distance  between  the  Mg^^  ion  sind  the  ion  in 

o -Donr  2+  2- 

MgO  is  only  2.1  A,  there  is  a large  overlap  of  the  Mg  , n = 3 orbit  with  the  O charge  cloud, 

suggesting  the  importance  of  banding.  Nevertheless,  as  demonstrated  in  Ref.  16,  we  have  found 

that  the  Mg  excited  states  observed  in  MgO  are  in  poor  agreement  with  the  conventional  one- 

electron  band  picture  of  MgO.  Additional  experimental  and  theoretical  work  on  the  localized 

nature  of  the  excitonic  states  in  ionic  crystals  is  necessary  for  a detailed  \inder standing  of  this 

class  of  materials.  ^ Henrich 

G.  Dresselhaus 

H.  J.  Zeiger 


D.  THIN-FILM  CONDUCTING  MICROGRIDS  AS  TRANSPARENT  HEAT  MIRRORS 

Transparent  heat  mirrors  should  have  important  applications  in  solar-energy  collection  and 
25 

radiation  insulation.  Two  different  types  of  transparent  heat  mirrors,  both  made  from  thin 
films,  have  been  identified:  a multilayer  composite  consisting  of  a metal  film  sandwiched  be- 
tween transparent  dielectric  layers  (e.g.,  Ti02/Ag/Ti02,  Ref.  26),  and  a single-layer  film  of 
a wide-bandgap  semiconductor  containing  a high  concentration  of  charge  carriers  (e.g.,  Sn-doped 
^^2^3*  ^ report  we  describe  the  fabrication  of  a third  type,  a microgrid  made 

from  a conducting  film  by  introducing  openings  that  are  large  enough  to  transmit  solar  radiation 

28 

but  small  enough  for  the  film  to  retain  high  infrared  reflectivity.  Horwitz  has  recently  proposed 
the  use  of  metal  grids  as  selective  surfaces  for  solar-energy  collection. 

To  achieve  efficient  conversion  of  solar  energy  to  thermal  energy,  as  in  a flat-plate  collector, 
transparent  heat  mirrors  should  transmit  solar  radiation  (with  a wavelength  range  of  0.4  < \ < 

2.5  |xm  for  air  mass  2)  but  reflect  the  thermal  radiation  from  the  heated  absorber  (with  a range 
of  2.5  < \ < 100  pm  for  most  applications).  A conducting  microgrid  with  openings  about  2.5  pm 
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Fig.  III-8.  Scanning  electron  micrograph  of  microgrid  fabricated 
from  Sn-doped  film. 


Fig.  III-9.  Optical  transmission  and  reflectivity  of  Sn-doped 
L12O3  films  on  glass  before  etching  (solid  lines)  and  after 
etching  to  form  conducting  microgrid  (dashed  lines). 
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on  a side  can  satisfy  these  requirements  because  solar  radiation  is  transmitted  through  openings 
of  this  size,  while  the  infrared  reflectivity  of  the  microgrid  is  much  higher  than  the  fraction  of 
its  planar  area  that  is  occupied  by  the  conducting  material  forming  the  grid  lines.  An  estimate 
of  the  infrared  reflectivity  can  be  obtained  by  using  a theoretical  expression  for  the  reflectivity 
of  a grid  antenna  made  from  two  sets  of  perfectly  conducting  parallel  wires  of  radius  r that 

intersect  at  right  angles  to  form  square  openings  of  side  a and  are  joined  at  their  intersections. 

29 

If  a »r  and  the  incident  wavelength  \»a,  the  reflection  coefficient  is  given  by  / 


S2  = Re 


1 + 


gk 

cos  9 


. 2 

, , sm  0 , 

(1 5 — ) 


(ni-2) 


where  |r1  = reflectivity,  <p  = phase  angle,  a = ln(a/27rr),  k = 27t/\,  and  0 = angle  of  incidence 
from  the  normal. 

Application  of  Eq.  (UI-2)  shows  that  for  transparent  heat  mirrors  there  is  a significant 

advantage  in  making  microgrids  from  transparent  conductors  rather  than  opaque  ones.  For  an 

opaque  material,  the  solar  transmission  of  a microgrid  is  equal  to  the  fraction  of  its  area  that 

2 2 

is  not  occupied  by  the  grid  lines:  = a /(a  + w)  , where  w is  the  linewidth.  For  a = 2.5  jam, 

w must  be  0,2  pm  in  order  to  achieve  = 0.85,  From  Eq.  (1II-2),  taking  r = w/2,  for  a perfect 
conductor  the  reflectivity  at  10  pm  will  then  be  only  0,825  rather  than  1,  If  the  conductor  initially 
has  a solar  transmission  of  0.85,  however,  T will  be  increased  to  0.95  for  a microgrid  with 
w = 0.6  pm,  and  for  this  linewidth  Eq,  (III-2)  gives  an  infrared  reflectivity  of  0.99  at  10  pm. 

In  view  of  the  improved  performance  to  be  expected  by  using  a transparent  conductor  in- 
stead of  an  opaque  one,  we  have  fabricated  microgrids  from  thin  films  of  Sn-doped  the 

best  transparent  conductor  now  available.  Films  about  0,35  pm  thick  were  deposited  on  Corning 
7059  glass  substrates  by  RF  sputtering  a commercial  hot-pressed  target  of  In20^-15  m/o  SnO^ 
at  a forward  power  of  650  W,  Their  resistivity  was  about  2 x 10"^  fi-cm,  and  their  initial  solar 
transmission  was  about  0.8.  Microgrids  about  1X1  cm  in  area  were  produced  by  photolithog- 
raphy. A layer  of  photoresist  (AZ  1350B)  about  0.3  pm  thick  was  first  spun  on  the  film,  and  the 
microgrid  pattern  was  imaged  onto  the  photoresist  with  a projection-alignment  system  using 
10:1  reduction  of  a mask  with  25-pm  square  holes  and  6-pm  lines.  The  photoresist  was  devel- 
oped to  open  the  2. 5 -pm  holes,  and  the  remaining  photoresist  was  stabilized  by  a 1-min.  flood 
exposure  with  a collimated,  high-pressure,  200-W  Hg  lamp  followed  by  a postbake.  The  exposed 

o 

Sn-doped  In^O^  film  was  then  etched  away  at  the  rate  of  approximately  7 00  A/hr  with  a solution 
prepared  by  diluting  two  parts  by  volume  of  concentrated  HCl  with  one  part  by  volume  of  dis- 


tilled H^O. 

Figure  II1-8  is  a scanning  electron  micrograph  of  a microgrid  prepared  by  this  procedure. 

The  grid  pattern  is  somewhat  distorted  because  the  SEM  was  operated  with  the  sample  tilted  to 
minimize  charging  effects.  Measurements  made  with  an  optical  microscope  at  normal  incidence 
gave  the  expected  dimensions  of  about  2,5  pm  for  the  holes  and  0.6  pm  for  the  linewidth. 

Figure  III-9  shows  the  optical  transmission  and  reflectivity  measured  over  the  wavelength 
range  from  0.3  to  2.5  pm  for  an  unetched  portion  of  an  Sn-doped  film  on  glass  (solid  lines) 

and  for  a microgrid  prepared  from  another  portion  of  the  same  film  (dashed  lines).  An  integrating 
sphere  coated  with  MgO  was  used  for  the  measurements  in  order  to  avoid  errors  due  to  diffrac- 
tion effects.  The  interference  fringes  observed  at  short  wavelengths  for  the  unetched  film  are 
not  obtained  for  the  microgrid  because  the  grid  lines  are  not  uniform  in  thickness  after  etching. 
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The  transmission  data  of  Fig.  III-9  have  been  integrated  to  determine  the  solar  transmission, 
which  is  defined  as 

/ T(\)  A(\)  d\ 

T = 

® 0.91  / A(\)  d\ 

where  T(\)  = transmission  of  the  film-glass  composite,  A(\)  = intensity  of  solar  radiation  (AM2), 
and  0.91  is  the  solar  transmission  of  the  bare  glass  substrate.  As  expected,  the  value  of  was 
increased  by  etching,  from  0.8  for  the  unetched  film  to  0.9  for  the  microgrid.  The  spectral 
measurements  could  not  be  extended  beyond  2.5  pm,  since  a spectrophotometer  with  an  integrating 
sphere  for  longer  wavelengths  is  not  available.  Therefore,  a Gier-Dunkle  reflectometer  was  used 
to  measure  the  integrated  reflectivity  of  radiation  from  a room-temperature  blackbody,  whose 
emission  peaks  at  10  pm.  The  measured  reflectivity  was  reduced  by  etching,  from  0.91  for  the 
unetched  film  to  0.83  for  the  microgrid.  This  reduction  is  significantly  larger  than  the  decrease 
of  1 percent  in  the  reflectivity  at  10  pm  calculated  from  Eq.  (III-2)  for  a grid  with  the  same  geom  - 
etry. It  is  not  clear  whether  the  additional  decrease  resulted  because  Sn-doped  In202  does  not 
satisfy  the  assumption  of  infinite  conductivity  at  all  frequencies  made  in  deriving  Eq.  (III-2),  or 
because  in  the  fabrication  process  the  grid  lines  became  thin  enough  (less  than  0.2  pm)  to  cause 
a decrease  in  reflectivity. 

J.  C.  C.  Fan 
F.  J.  Bachner 
R.  A.  Murphy 
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IV.  MICROELECTRONICS 


A.  CHARGE- COUPLED  IMAGING  ARRAYS 

A large-area,  100-  X 400 -element,  CCD  imaging  array  is  being  developed  for  the  GEODSS 

(Ground  Electro-Optical  Deep  Space  Surveillance)  project.  The  initial  phase  of  the  development 

program  which  has  been  reported  previously  was  a 100  x 1 linear  array  utilizing  polysilicon 

gates  and  a buried  channel.  Details  of  the  design,  processing,  and  testing  of  this  device  have 
2 

also  been  reported.  In  addition,  a prototype  30  x 30  imaging  array  has  been  fabricated  and 
tested.  Here,  we  describe  the  current  state  of  the  CCD  development  effort  as  regards  the 
original  30  x 30  prototype  and  two  redesigned  versions  of  this  imaging  array.  We  will  also 
present  the  current  state  of  the  design  of  the  100-  X 400 -element  array. 


Fig.  rV-l.  A 30-  X 30-element,  CCD 
imaging  array  showing  serial  input  reg- 
ister (top)  used  for  test  purposes,  and 
serial  output  register  (bottom)  termi- 
nating in  an  output  diode  and  a MOSFET 
preamplifier.  Device  utilizes  poly  sil- 
icon gates  and  buried  channel,  and  op- 
erates in  two -phase  mode. 


The  first  prototyi>e  imaging  array  (Fig.  IV-1)  is  a two-phase,  implanted  barrier  device 
consisting  of  an  array  of  30  X 30  elements,  each  element  measuring  1.2  x 1.2  mils  [Ref.  2, 
(1975:1)].  A 32-bit  serial  output  shift  register,  seen  along  the  bottom  of  the  array  in  Fig.  IV-1, 
carries  the  charge  packets  from  the  array  to  an  output  diode  and  a MOSFET  preamplifier.  Ad- 
jacent to  these  are  located  a second  MOSFET  and  a collection  diode.  The  latter  do  not  receive 
the  signal  charge,  but  do  pick  up  various  switching  transients  principally  from  the  pulse  which 
resets  the  potential  on  the  collection  diodes  every  clock  period.  By  combining  the  outputs  of 
the  two  MOSFETs  in  a differential  amplifier,  the  reset  pulse  pickup  can  be  subtracted  from  the 

3 

signal. 

In  addition  to  these  features,  a 3 2 -bit  serial  register  for  inserting  electrical  input  signals 
for  test  purposes  has  been  included.  The  device  has  been  tested  using  both  electrical  and  optical 
inputs.  Because  the  number  of  charge  transfers  is  not  large  and  because  of  experimental  diffi- 
culties to  be  described,  the  transfer  inefficiency  could  only  be  measured  by  optical  means,  and 

-3 

is  estimated  to  be  less  than  10  per  transfer  (on  the  best  arrays)  at  data  rates  of  500  kHz.  The 
principal  difficulty  in  evaluating  the  device  with  an  electrical  input  appears  to  be  the  interface 
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between  serial  registers  and  the  vertical  columns  of  the  array.  In  this  region,  it  is  necessary 
to  connect  the  register  gates  to  the  array  columns  by  means  of  a narrow  channel  so  as  to  funnel 
charge  to  and  from  the  proper  gates  in  the  serial  registers.  The  channel  width  is  determined 
by  the  lateral  diffusion  of  the  boron  channel  stop,  and  in  the  devices  obtained  to  date  this  lateral 
diffusion  has  nearly  pinched  off  the  narrow  channel,  making  the  charge  transfer  difficult  at  these 
points.  Subsequent  imaging  arrays  have  been  redesigned  to  alleviate  this  problem  as  described 
below. 

The  device  has  been  tested  optically  using  a light  spot  which  can  be  focused  down  to  a size 
of  about  1 mil.  Because  of  high  dark  currents  (>500  nA/cm^),  all  testing  had  to  be  performed 
with  the  device  cooled  in  a Dewar.  The  response  of  the  device  to  the  light  spot  was  satisfactory 
and  confirmed  that  the  transfer  inefficiency  was  below  10  ^ per  transfer  in  the  best  cases.  Dif- 
ficulties in  obtaining  good  quantitative  data  by  this  method  include  nonuniformity  in  the  response 
of  the  elements  to  a given  input  light  level  and  scattering  of  the  light  spot  by  dirt  and  scratches 
in  the  optical  window  on  the  Dewar.  The  Dewar  is  now  being  modified  so  that  the  windows  can 
be  readily  exchanged  and  cleaned. 

Another  feature  of  the  original  30  X 30  prototype  which  required  modification  on  later  devices 
is  the  size  of  the  output  MOSFET.  At  the  time  the  device  was  designed,  the  source -drain  spacing 
was  conservatively  made  to  be  20  \im  to  avoid  source -drain  punch-through  caused  by  the  lightly 
doped  substrate.  The  dimensions  of  the  gate  were  relatively  large  (1.0  X 6.4  mil^),  resulting 
in  a gate  capacitance  of  over  1 pF.  This  large  capacitance  results  in  relatively  low  output  signal 
levels.  Test  MOSFETs  have  been  fabricated  with  various  source -drain  spacings,  and  have  been 
implanted  simultaneously  with  the  formation  of  the  buried  channel.  These  tests  have  shown  that 
the  implantation  can  eliminate  the  source -drain  punch-through  even  on  the  shortest  channel 
(3-|j.m)  devices  tested  and  still  retain  typical  MOSFET  characteristics. 

As  a result  of  the  experience  gained  on  the  firjst  30  x 30  array,  two  redesigned  versions  are 
now  being  built.  An  initial  design  for  the  large-area,  100-  x 400-element  array  has  also  been 
developed,  and  the  masks  are  currently  being  fabricated.  These  devices  have  output  diodes  and 
MOSFETs  of  reduced  dimensions  so  as  to  bring  the  capacitance  at  the  output  diode -MOSFET  gate 
node  to  less  than  0.1  pF.  The  resulting  improvement  in  signal  level  should  improve  the  signal- 
to-noise  ratio  to  the  extent  that  signals  of  fewer  than  100  electrons  can  be  detected.  The  prob- 
lem of  the  channel  stop  pinch-off  at  the  point  where  the  array  exchanges  charge  with  the  serial 
registers  can  be  alleviated  by  processing  changes  which  reduce  the  channel  stop  diffusion  depth. 

In  addition,  the  interface  between  the  array  and  the  input  and  output  registers  has  been  rede- 
signed to  further  alleviate  the  problem.  Another  new  feature  to  be  incorporated  in  these  devices 
is  a pair  of  diodes  along  the  input  and  output  registers  to  collect  excess  charge  caused  by  optical 
overloads.  The  function  of  the  diode  pairs  will  be  to  control  the  blooming  of  charge  from  column- 
to- column.  Details  of  these  new  structures  will  be  described  in  subsequent  reports. 

B.  E.  Burke  R.  W.  Mountain 

R.  A.  Cohen  W.  H.  McGonagle 

B.  PACKAGING  FOR  THE  CCD  SENSOR  ASSEMBLY  FOR  THE  GEODSS  PROGRAM 

The  detector  being  built  for  use  at  the  prime  focus  of  a 31 -inch  telescope  in  the  GEODSS 
Program  will  be  a hybrid  integrated  circuit  consisting  of  16  charge -coupled- device  (CCD)  imaging 
arrays  mounted  on  an  alumina  interconnect  substrate.  Each  of  the  CCD  imagers  will  be  a 
100-  X 400-element  array  with  chip  dimensions  of  0.13  5 X 0.516  inch.  The  proposed  hybridized 
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array  is  shown  in  Fig.  IV-2.  The  technical  requirements  for  this  hybrid  present  some  very 
challenging  packaging  problems.  A strict  requirement  in  fabricating  the  hybrid  circuit  is  that 
a vertical  row  of  elements  on  any  one  chip  must  align  with  the  same  row  in  all  the  chips  above 
and  below  it  within  0,0005  inch  (0,5  mil).  Also,  the  center  lines  of  all  the  chips  must  be  parallel 
to  within  0,03®'.  The  method  used  to  attach  the  CCD  chips  to  the  hybrid  substrate  must  be  secure, 
stable,  and  withstand  moderate  cooling  (approximately —60  ®C).  This  method  must  also  provide 
for  the  possible  removal  of  a chip  and  replacing  it  with  a new  chip  in  precisely  the  original  po- 
sition. Interconnections  on  the  alumina  substrate  must  provide  power,  ground,  clocking,  and 
output.  In  addition  a discrete,  low-noise,  bipolar  transistor  and  two  resistor  chips  are  inte- 
grated on  the  hybrid  to  buffer  the  output  signal  from  each  chip.  The  interconnections  near  one 
end  of  a CCD  array  are  shown  in  Fig,  IV- 3,  and  illustrate  the  location  of  the  discrete  components. 

The  hybrid,  integrated  circuit  will  require  a stable,  mechanically  rigid  substrate  material. 

An  alumina,  multilayer  interconnect  board  satisfies  this  requirement.  Metalized  lines  in  buried 
layers  will  provide  for  interconnections.  The  plane  on  which  the  CCD  chips  will  be  mounted  will 
be  precision  ground  to  provide  flatness  within  a fraction  of  a mil  to  meet  "z”  direction  (depth  of 
focus)  tolerances. 

The  alignment  of  the  chips  as  mentioned  above  is  critical.  Smaller  chips  for  other  hybrid 
circuits  have  been  precisely  aligned  under  a microscope  by  using  alignment  marks  applied  to 
the  chip  with  the  accuracy  of  photolithography.  However,  the  depth  of  focus  and  field-of-view 
limitations  of  high-power  microscopes  preclude  application  of  this  method  to  these  large  chips. 
Thus,  after  reviewing  a number  of  possibilities,  we  chose  to  obtain  the  high  chip  registration 
precision  needed  by  adapting  an  x-y  coordinator  which  is  designed  for  the  inspection  of  machined 
parts.  This  equipment  can  be  accurately  positioned  to  better  than  0.2  mil  in  x and  y and  has  a 
digital  readout.  A special  vacuum  chuck  collet  to  hold  the  chips  during  placement  has  been  de- 
signed and  will  be  fitted  to  the  coordinator  stylus.  The  CCD  chips  will  be  prepared  for  this 
process  by  precisely  sawing  them  from  the  wafer  to  within  0.1  mil.  Thus  we  will  be  assured  of 
square,  accurately  dimensioned  device  edges  for  placement.  The  x-y  coordinator  will  permit 
us  to  accurately  place  and  log  the  position  of  each  device  to  facilitate  proper  replacement,  should 
this  “become  necessary.  We  are  tooling  this  equipment  and  working  out  procedures  to  assure 
accurate  device  registration. 

Registration  again  limits  the  options  available  for  die  attachment.  A consideration  of  the 
requirements  indicates  that  some  form  of  adhesive  is  required,  rather  than  eutectic  or  solder 
bonding.  Present  test  indications  are  that  an  anerobic,  fast-setting  adhesive  most  nearly  meets 
these  requirements. 

The  interconnection  and  dimensional  requirements  of  our  substrates  have  been  discussed 
with  several  ceramic  multilayer  vendors  who  are  capable  of  supplying  us  with  the  special  sub- 
strates. Purchase  specifications  are  being  prepared  which  will  include  an  electrical  schematic 
and  an  interconnection  routing  layout  generated  by  the  computerized  graphics  design  system. 

The  CCD  devices  will  have  aluminum  metalization,  so  we  will  ultrasonically  bond  with  aluminum 
wire  to  assure  metallurgical  compatibility. 

An  x-y  stage  with  digital  readout  to  0.1-mil  accuracy  will  be  fitted  to  our  profile  projector 
to  characterize  the  registration  of  the  devices  on  the  substrate  for  its  telescope  environment. 

T.  F.  Clough  B.  E.  Burke 
L.  L.  Grant  P.  A.  Beatrice 
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100  X 400  CELL  CCD  CHIPS 


Fig.  IV-Z.  Schematic  of  16-chip  hybrid 
detector  for  use  with  31 -inch  telescope  in 
GEODSS  Program.  Each  chip  is  100-  x 
400 -element,  CCD  imaging  array  whose 
dimensions  are  0.135  X 0.516  inch. 
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TRANSISTOR  CHIP  RESISTOR  CHIPS 


Fig.  IV-3.  Schematic  of  some  interconnections  on  alumina  substrate  used 
to  mount  and  interconnect  16,  CCD  imaging  arrays.  Shown  is  right-hand  edge 
of  one  imaging  array,  top  level  interconnects  on  alumina  substrate,  bipolar 
transistor,  and  two  resistor  chips  used  to  buffer  output  signal  from  imaging 
array,  and  required  wire  bonds. 
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C.  PIN  DIODE  ATTENUATOR 


The  UHF  receiver  for  the  proposed  LES-10  satellite  requires  a set  of  identical,  electroni- 
cally variable  attenuators  as  part  of  the  pattern -forming  network  for  the  phased  array  antenna. 

A discrete-component  version  of  the  attenuator  was  constructed  and  was  found  to  have  insuffi- 
cient attenuation  in  the  desired  frequency  range  because  of  the  inductance  of  the  PIN  diodes.  It 
was  therefore  decided  to  minimize  this  inductance  by  taking  advantage  of  the  short  lead  lengths 
made  possible  by  a chip-and-wire  hybrid  microcircuit.  The  hybrid  version  did  indeed  provide 
the  expected  improvements  in  maximum  attenuation  at  ultrahigh  frequencies.  A summary  of  the 
results  of  preliminary  electrical  measurements  on  the  first  hybrid  sample  is  given  in  Table  IV-1. 
The  following  paragraphs  discuss  the  design  philosophy  and  fabrication  details. 


TABLE  IV-1 

VARIABLE  ATTENUATOR  PERFORMANCE  PRELIMINARY  RESULTS 

Attenuation  (dB) 

Minimum 

<1 

Maximum 

>25 

VSWR 

<1.25 

Frequency  range  (MHz) 

30  to  400 

Discrete  version 

18-dB  maximum  attenuation 

at  400  MHz 

A simplified  circuit  diagram  of  the  attenuator  is  shown  in  Fig.  IV -4,  where  D1  and  D2  are 
PIN  diodes  which  function  as  current-controlled  variable  resistors.  It  is  the  parasitic  reactance 
in  series  with  D2  which  limits  the  maximum  attenuation  in  the  discrete -component  version,  and 


1 18-i-U2Ml 


Fig.  IV -4.  Simplified  circuit  schematic 
of  bridged-T  attenuator  showing  two  PIN 
diodes  D1  and  D2,  and  two  Ta^N  resis-* 
tors  R1  and  R2.  ^ 
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Fig.  rV-5.  (a)  Complete  schematic  of  current-controlled  attenuator  showing 

components  included  in  hybrid  for  biasing  and  for  providing  40  dB  of  isolation 
down  to  10  MHz.  (b)  Photograph  of  completed  hybrid  with  components  arranged 
as  in  schematic.  PIN  diodes  (D1  and  D2)  and  Ta^N  resistors  (R1  and  R2)  which 
are  basic  components  of  attenuator  are  labeled. 
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to  a lesser  extent  in  the  hybrid  circuit.  This  particular  bridged-T  attenuator  circuit  was  chosen 
over  other  types,  such  as  the  pi  attenuator,  because  the  low  VSWR  required  to  minimize  phase 
shift  can  be  obtained  with  simple  analog  control  circuitry. 

In  addition  to  the  resistive  components  shown  in  Fig.  IV -4,  many  reactive  components  are 
necessary  fox  biasing  and  achieving  electromagnetic  compatibility  with  other  components  in  the 
satellite.  The  satellite  has  such  a high  level  of  RF  energy  over  a wide  band  of  frequencies  in 
such  a small  space  that  it  is  necessary  to  provide  a minimum  of  80  dB  of  isolation  from  10  to 
400  MHz  on  all  bias  lines  in  order  to  prevent  one  component  from  interfering  with  another. 

These  additional  components  are  shown  in  Fig.  IV-5(a)  where  Cl  through  C4  and  the  330-nH 
inductors  are  necessary  for  biasing,  and  the  other  inductors  and  capacitors  provide  40  dB  of 
isolation  down  to  10  MHz.  The  remaining  40  dB  of  isolation  will  be  provided  by  external 
components. 

The  circuit  in  Fig.  IV-5(a)  was  fabricated  on  a 0.75-X  1.0-X  0.025 -inch  alumina  substrate 
by  conventional  Ta^N  — Ti/Pd/Au  thin-film  hybrid  techniques  using  a Ta^N  sheet  resistance  of 
25  ± 1 ohm  per  square.  A photograph  of  a finished  attenuator  prior  to  cover  attachment  is 
shown  in  Fig.  IV-5(b)  where  the  arrangement  of  components  is  identical  to  the  arrangement  of 
components  in  the  schematic  of  Fig.  IV-5(a).  The  diodes  are  bonded  with  0.00 5 -inch-wide  by 
0.001 -inch-thick  gold  ribbons,  and  the  inductance  in  series  with  D2  is  minimized  by  using  the 
three -terminal  connection  technique  shown  in  Fig.  IV-5(b).  The  back  side  of  the  substrate  is 
metalized  with  a gold  ground  plane  which  is  connected  to  the  ground  conductors  on  the  top  of 
the  substrate  by  shorting  around  the  edge. 

Although  electrical  evaluation  of  these  units  is  not  yet  complete,  preliminary  results  as 
shown  in  Table  IV-1  indicate  that  this  circuit  meets  the  requirements  of  the  intended  application, 
and  may  be  useful  for  other  purposes  such  as  automatic  gain  control  in  the  frequency  range  from 
30  to  400  MHz.  This  design  could  also  be  adapted  to  higher-frequency  applications  by  using 
quarter-wave  microstrip  transmission -line  sections  for  some  of  the  reactive  elements. 

D.  L.  Smythe 
D.  M.  Hodsdon ' 

D.  COMPUTERIZED  GRAPHIC  DESIGN 

The  mask-making  facility  of  the  Microelectronics  Group  provides  hard-surface,  emulsion, 
and  film  photomasks  to  many  users  within  Lincoln  Laboratory.  Critical  to  this  operation  is  the 
software  used  in  conjunction  with  the  IBM  370/168  time-sharing  system  and  the  Calma  interactive 
graphic  design  system  to  provide  input  to  a D.  W.  Mann  Model  1600  pattern  generator.  This  soft- 
ware is  continuously  being  improved  and  new  software  is  generated  as  needed  to  update  our  mask- 
making capabilities.  Recent  developments  and  the  status  of  some  of  the  more  important  computer 
programs  are  described  below. 

The  recently  acquired  Calma  system  produces  an  output  tape  which  will  control  the  pattern 
generator  which,  in  turn,  exposes  a pattern  made  up  of  small  rectangles  onto  a high-resolution 
photographic  plate.  The  information  on  the  tape  includes  the  x and  y coordinates  of  the  center 
of  each  rectangle  to  be  exposed,  the  height  and  width  of  the  rectangle,  and  the  angle  (A)  between 
the  w and  x axes  (angle  of  rotation  of  the  rectangle),  as  shown  in  Fig.  IV-6. 


t Group  63  (RF  Techniques). 


51 


118-8-13217 1 


y 


EXPOSURE 


Fig.  IV -6.  Input  data  required  for  each 
rectangle  to  be  exposed  by  pattern  gen- 
erator — X and  y coordinates  of  center, 
width  W,  height  H,  and  angle  of  rota- 
tion A. 


y 


X 
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In  order  to  make  efficient  use  of  the  pattern  generator,  the  data  must  be  sorted  by  arranging 
the  rectangles  into  an  order  which  reduces  the  pattern -generator  running  time.  The  Calma  soft- 
ware does  not  do  this.  Therefore,  a program  was  written  to  run  on  the  IBM  370/168  which  will 
take  the  data  from  the  Calma  system  and  sort  the  rectangles  by  finding  the  next  rectangle  whose 
coordinates  can  be  reached  in  the  minimum  time  considering  the  pattern  generator's  position. 

The  program  (calle'd  CALMASRT)  writes  the  sorted  data  on  tape  ready  to  be  used  as  input  for 
the  pattern  generator.  A mask  requiring  18,645  exposures  took  47  hours  to  run  with  data  directly 
from  the  Calma  system.  After  sorting  the  data  with  CALMASRT,  the  same  mask  with  the  same 
number  of  exposures  was  generated  in  7 hr.  An  additional  feature  of  this  program  is  to  add  a 
simple  "m"  to  the  number  of  the  file  to  be  sorted,  and  the  mirror  image  of  the  pattern  will  be 
created,  sorted,  and  put  on  tape. 

There  are  several  other  programs  available  on  the  Laboratory's  IBM  370/168  time-sharing 
system  which  are  designed  to  generate  masks  for  integrated-circuit  and  thin-film  work. 
MANNPLOT  is  a user-oriented  program  that  produces  the  file  or  files  needed  to  generate  a 
mask  on  the  pattern  generator.  The  program  is  straightforward  to  use,  the  commands  are 
concise  and  self-explanatory,  numeric  data  are  specified  in  a simple  format  with  or  without 
decimal  points,  and  each  piece  of  data  is  separated  by  commas. 

The  user  is  required  to  break  his  pattern  up  into  a series  of  rectangles  and  enter  the  co- 
ordinates of  each  rectangle.  Circles  and  annuluses  may  be  entered  by  a simple  "CIRCLE"  or 
"ANNULUS"  command.  The  circle  command  requires  the  x and  y centers  and  diameter,  and 
the  annulus  requires  x and  y centers  and  inner  and  outer  diameters.  The  data  files  may  be 
entered  or  corrected  within  the  program,  and  the  user  may  display  his  file  on  any  one  of  the 
four  display  scopes  supported:  ARDS,  TEKTRONDC,  PDF,  or  TSP. 

As  in  CALMASRT,  the  MANNPLOT  program  produces  a sorted  file  ready  to  be  used  on  the 
pattern  generator.  Sometimes  it  is  useful  to  utilize  this  sorted  file  as  input  to  MANNPLOT  for 
display  and  processing.  For  this  purpose,  a program  called  DESORT  has  recently  been  written 
which  converts  these  sorted  files  back  to  MANNPLOT  files.  The  program  writes  the  MANNPLOT 
file  on  the  user's  disk,  displays  the  file  on  a scope  if  being  used,  and  produces  hard  copy  if 
needed. 
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Other  programs  available  are  ”T3000,"  "FUDGE,"  and  "1795."  Some  of  the  patterns  re- 
quired  by  customers  within  the  Laboratory  are  beyond  the  capabilities  of  the  Model  1600  pat- 
tern generator,  and  require  the  services  of  an  outside  vendor  who  has  a newer,  more  powerful 
Model  3000  machine.  However,  the  3000  has  a different  input  format  from  the  1600  pattern  gen- 
erator and,  in  order  to  supply  the  vendor  with  the  correct  input  to  his  model  3000,  the  program 
"T3000"  was  written  which  converts  the  data  file  prepared  by  MAITOPLOT  to  the  format  required 
by  the  3000.  "FUDGE"  is  a program  that  will  generate  a second  MANN  PLOT  file  by  changing 
the  height  and  width  of  each  rectangle  in  the  original  file  by  adding  or  subtracting  a specified 
increment.  The  program  "1795"  produces  a pimched  paper  tape  which  is  used  to  control  the 
Model  1795  photo -repeater.  The  tape  information  includes  the  location,  stepping  distance,  and 
number  of  cells  in  each  row  as  well  as  information  about  "drop-ins"  and  "drop-outs"  which  allows 
for  the  insertion  of  test  cells  and  alignment  marks. 

G.  L.  Durant 


REFERENCES 


1.  Solid  State  Research  Report,  Lincoln  Laboratory,  M.I.T.  (1974:4), 
pp.  55-57,  DDC  AD-A004763/9. 

2.  Solid  State  Research  Reports,  Lincoln  Laboratory,  M.I.T.  (1975:1), 

pp.  56-57,  DDC  AD-A009848/3;  (1975:2),  pp.  45-47,  DDC  AD-A013103/7; 
and  (1975:3),  p.  43,  DDC  AD-A019472. 

3.  C.  K.  Kim,  "Two-Phase  Charge  Coupled  Linear  Imaging  Devices 
with  Self- Aligned  Implanted  Barrier,"  International  Electron  Device 
Meeting,  Washington,  D.C.,  December  1974. 


53 


V.  SURFACE-WAVE  TECHNOLOGY 


A.  REFLECTION  COEFFICIENT  OF  A GROOVE  FOR  RIGHT-ANGLE  REFLECTION 

ON  Y-CUT  LiNb03 

In  both  reflective -array  compressors^  and  filter  banks  a surface-acoustic -wave  (SAW) 
beam  is  reflected  from  groove  edges  in  groove  arrays.  The  reflection  is  through  90®  from  the 
Z-direction  to  the  X-direction  on  Y-cut  LiNbO^.  A knowledge  of  the  reflection  coefficient  for 
this  geometry  is  important  for  understanding  and  designing  these  devices. 

We  assume  that  the  model  used  for  normal -incidence^  reflection  applies  also  to  the  right- 
angle  reflection.  The  reflection  coefficient  of  an  up-step  T^,  the  reflection  coefficient  of  a 
down-step  and  the  transmission  coefficient  t (same  for  up-  or  down-step)  are  then  given  by 


(V-1) 

(V-2) 

(V-3) 


The  parameter  r is  the  impedance  mismatch  contribution  which  is  proportional  to  step  height  h, 
r = C^  (V-4) 

and  B is  the  stored-energy  contribution  which  is  proportional  to  h^. 


Y = C'(^)^  (V-5) 

where  X is  the  wavelength  of  the  surface  wave,  and  C and  C are  proportionality  coefficients  to 

be  determined  by  our  experiments.  The  reflection  coefficient  F of  a groove,  which  is  a down- 

4 ^ 

step  followed  by  an  up- step,  is  simply  a combination  of  F^,  F^,  and  t: 

|Fg|  = 2r  sine  + B cos0  (V-6) 

where  0 = (kw  + B)/2,  w is  the  width  of  the  groove  in  the  Z-direction,  and  k = 27t/X.  Since  for 
shallow  grooves  B « kw,  r can  be  measured  using  arrays  with  w = X/2  while  B can  be  mea- 
sured using  arrays  with  w = X. 

We  have  fabricated  10-groove  arrays  of  both  types  in  the  configuration  shown  in  Fig.  V-1. 
The  arrays  had  ion-etched  groove  depths  between  0.06  and  0.5  |j.m.  The  results  of  our  measure- 
ments of  the  impedance -mismatch  part  r and  of  the  stored-energy  part  B/2  are  shown  in 
Figs.  V-2  and  V-3,  respectively.  Thus,  we  find  that  C = 0. 51  ± 0.3  and  C'  = 4.5  ± 0.4.  A pre- 
vious measurement^  of  C yielded  a value  between  0.44  and  0.46. 

For  shallow  grooves,  which  are  usually  used  in  reflection-grating  SAW  devices,  r contrib- 
utes the  main  part  of  the  amplitude  of  the  reflection  while  B produces  a phase  shift.  In  fact, 
B/2  is  directly  the  phase  shift  on  transmission  past  each  groove  edge.  A detailed  knowledge  of 
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Fig.  V-1.  Layout  of  transducers 
and  10-groove  grgitings.  When  re- 
dundant reflection  measurements 
A to  D and  B to  C are  combined 
with  transmission  measurements 
A tO  'B  and  C to  D,  then  reflec- 
tion coefficient  of  grating  can  be 
deduced  independent  of  transducer 
response. 


□ Q 

Y-CUT  LiNb03 


Fig.  V-2.  Impedance  mismatch  part  r of  reflection  coefficient  of  step 
for  90®  reflection  from  Z to  X on  Y-cut  LiNb03  plotted  vs  normalized 
groove  depth.  Inset  shows  portion  of  grating  (top  view  and  cross  section). 
Wavelength  of  20  jim  is  equal  to  period  of  grating  in  Z-direction.  Width 
of  grooves  is  equal  to  half  of  wavelength.  Slope  of  straight  line  drawn 
through  points  is  0.51. 
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Fig.  V-3.  Energy  storage  part  B/2  of  reflection  coefficient  for  90*  reflection  from 
Z to  X on  Y-cut  LiNb03  plotted  vs  normalized  groove  depth.  Inset  shows  portion 
of  grating.  Period  of  groove  grating  is  two  wavelengths  in  propagation  direction. 
Width  of  grooves  is  equal  to  a wavelength,  so  that  impedance -mis  match  contribu- 
tions from  opposite  edges  of  groove  cancel.  A parabola  is  fitted  through  points. 


these  reflection  coefficients  is  particularly  important  in  understanding  and  designing  devices 
which  require  a careful  control  of  phase  such  as  the  burst  matched  filter  (see  Sec.  B below). 

J.  Melngailis 
R.  C.  M.  Li 


B.  BURST  MATCHED  FILTER 

The  burst  matched  filter  is  a SAW  device  which  compresses  a Doppler -sensitive  radar 
burst  waveform  consisting  of  16  coherent  linear-FM  subpulses.^  This  device  is  an  outgrowth 

of  the  prior  development  of  large -time -bandwidth-product  pulse  compressors  which  use  the 

17 

reflective -array-compressor  (RAC)  configuration.  * Figure  V-4  shows  a schematic  of  the 
burst  matched  filter.  It  has  an  input  and  an  output  transducer  and  16  pairs  of  gratings  in  a 
chevron  pattern.  Each  section  consists  of  an  array  of  grooves  with  graded  periodicity.  The 
16  gratings  have  identical  groove  placements  and  are  spaced  to  give  exactly  5 psec  of  path  dif- 
ference between  reflections  from  neighboring  gratings.  When  a waveform  of  16  linear-FM 
subpulses  spaced  at  5 psec  is  input  to  the  burst  matched  filter,  each  grating  section  will  reflect 
a part  of  the  signal  and  compress  it.  These  compressed  pulses  will  also  add  in  phase  if  their 
spacing  is  exactly  the  5-jjisec  path  difference  between  the  gratings.  The  exact  spacing  is  altered 
if  the  waveform  is  reflected  from  a moving  target.  Thus,  a bank  of  burst  matched  filters  each 
with  a slightly  different  spacing  between  grating  sections  would  provide  simultaneous  range  and 
Doppler  discrimination. 

In  order  to  demonstrate  the  burst-matched-filter  concept,  a prototype  device  has  been  built 
on  Y-Z  LiNb03.  The  filter  is  designed  to  process  a burst  waveform  consisting  of  16  subpulses 
each  3 (isec  long  with  a 60- MHz  bandwidth  centered  at  200  MHz.  Each  section  of  the  burst 
matched  filter  is  Hamming  weighted  over  the  60-MHz  bandwidth  for  time  (range )-sidelobe  sup- 
pression. In  addition,  the  overall  envelope  of  the  response  of  the  16  sections  is  also  Hamming 
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Fig.  V-4.  Burst  matched  filter  consisting  of  16  RACs. 


Fig.  V-5.  Impulse  response  of  weighted  burst  matched  filter.  Horizontal 
scale  is  2 |xsec/div.  Overall  length  of  response  is  80  |isec. 
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weighted  for  velocity  (Doppler)  sidelobe  suppression.  The  impulse  response  of  the  burst 
matched  filter  is  shown  in  Fig.  V-5.  Each  subpulse  is  a linear-FM  chirp.  The  weightings 
seen  in  the  figure  are  produced  by  ion-beam  etching  the  grooves  in  the  reflective  arrays  so  that 
their  depth  depends  on  position.  The  amplitude  is  within  0.5  dB  of  the  desired  value  in  all  ex- 
cept the  first  three  subpulses  in  which  the  response  is  about  1.5  dB  too  low.  The  delay  between 

successive  subpulses  in  the  impulse  response  is  the  same  to  within  ±1.4  nsec.  The  small  varia- 

4 ' 

tion  in  delay  is  produced  by  stored  energy  effects  at  groove  edges  and  will  be  corrected  by  the 
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use  of  metal  overlay  films.  ' 


Fig.  V-6.  Ambiguity  diagram  of  burst  matched  filter.  Horizontal  scale 
is  0.2  |jLsec/div.  and  corresponds  to  range.  Doppler  shifts  at  20-kHz 
intervals  are  displayed  in  successive  traces. 

In  order  to  test  the  burst  matched  filter,  a burst -waveform  signal  generator  was  also  de- 
veloped. For  this  purpose,  a subpulse  expansion  line  in  the  RAC  configuration  was  fabricated. 

A burst  waveform  consisting  of  16  coherent  linear  chirps  was  produced  by  coherently  impulsing 
the  pulse  expander  16  times  at  precise  5-^isec  intervals.  When  this  waveform  is  input  to  the 
burst  matched  filter,  31  compressed  pulses  are  produced.  If  the  filter  is  matched  to  the  wave- 
form, then  the  l6th  compressed  pulse  is  a maximum  because  all  the  individual  compressed 
pxilses  add  in  phase.  Doppler  shifts  can  be  simulated  by  changing  the  frequency  of  a master 
oscillator  to  change  the  subpulse  spacing  in  the  waveform.  Figure  V-6  shows  the  result  of  such 
frequency  variation.  The  successive  traces  show  the  16th  pulse  at  20-kHz  intervals.  The 
traces  are  displaced  horizontally  and  vertically  for  clarity.  If  the  RF  burst  before  mixing  with 
the  local  oscillator  is  centered  at,  say,  3 GHz,  then  the  20-kHz  Doppler  shift  corresponds  to  a 
target  approach  velocity  of  1000  m/sec.  In  each  trace,  the  horizontal  time  scale  corresponds 
to  target  range.  The  time  sidelobes  for  the  coherent  burst  are  30  dB  down.  The  Doppler  side- 
lobes  are  only  20  dB  down  due  to  the  above-mentioned  small  variation  in  delay  intervals.  These 
initial  results  on  this  60-MHz  bandwidth  burst  processor  show  the  feasibility  of  using  surface- 
wave  reflective -array  devices  for  Doppler  radar  signal  processing. 


J.  Melngailis 
R.  C.  Williamson 


C.  BISMUTH  GERMANIUM  OXIDE  REFLECTIVE-ARRAY  COMPRESSOR 
WITH  125  ^sec  OF  DISPERSION 

A compact  pulse -expansion  and  compression  subsystem  was  developed  for  MASR  (Multiple 
Antenna  Surveillance  Radar),  an  airborne  MTI  surveillance  radar.  Sensitivity  requirements 
dictated  that  the  transmitted  waveform  be  relatively  long  (125  psec).  Because  of  its  low  surface- 
wave  velocity,  bismuth  germanium  oxide  (BGO)  is  an  attractive  substrate  material  on  which  to 
fabricate  a device  for  processing  a waveform  of  this  duration.  Low  velocity  combined  with 
foreshortening  advantages  of  the  folded  reflective -array- compressor  (RAC)  configuration^  yield 
devices  which  easily  fit  on  commercially  available  15 -cm  substrates.  The  use  of  BGO  as  a sub- 
strate material  for  RAC  devices  is  new.  It  is  generally  considered  a difficult  material  to  use, 
and  success  in  this  development  required  that  difficulties  associated  with  material  nonuniformity, 
metal  adhesion,  bonding,  and  ion-beam  etching  be  solved. 

System  requirements  set  the  bandwidth  at  2.5  MHz.  This  bandwidth  centered  at  an  IF  of 
60  MHz  yields  a relatively  small  fractional  bandwidth  which,  combined  with  large  dispersion, 
imposes  especially  tight  specifications  on  pattern  accuracy,  alignment,  and  temperature  control. 

In  addition,  there  exists  a fundamental  limit  on  the  degree  to  which  a RAC  device  can  be  phase 
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compensated.  ' This  limitation  is  more  severe  in  small-time -bandwidth  devices. 

The  devices  described  herein  use  reflection  gratings  whose  periodicity  varies  quite  slowly 
as  a function  of  position.  Because  of  this,  a small  change  in  reflector  characteristics,  such 
as  that  caused  by  temperature  change  or  angular  rotation,  causes  the  effective  center  of  reflec- 
tion at  any  given  frequency  to  shift,  by  a large  amount.  For  this  reason,  angular  alignment  and 
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temperature  must  be  carefully  controlled. 

The  RAC  devices  schematically  illustrated  in  Fig.  V-7  were  fabricated  on  001-110  cut  BGO 

1 8 

substrates.  The  basic  operation  of  this  device  has  been  described  previously.  ' In  order  to 
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Fig.  V-7.  Schematic  diagram  of  RAC  operating  at  60  MHz  with  2.5-MHz  bandwidth. 
Device  consists  of  two  12 -finger-pair  transducers  and  a pair  of  gratings  each  having 
approximately  4500  lines.  Metal  film  between  ion-beam-etched  gratings  provides 
phase  compensation  by  selectively  slowing  surface  wave. 
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adequately  stabilize  the  response  of  the  RAC  devices,  provisions  were  made  to  thermostat  the 
devices  at  60®C,  and  design  parameters  appropriate  to  this  temperature  were  employed.  Mea- 
sured temperature  dependence  of  the  devices  indicated  a value  of  the  temperature  coefficient  of 
delay  y equal  to  138  X 10”V®C,  which  compares  well  with  previous  data. 

Grooves  were  ion-beam  etched  to  depths  of  approximately  0.1  |im  or  0.35  percent  of  a wave- 
length at  the  center  frequency  for  an  overall  reflection  loss  of  —18  dB  at  center  frequency. 

Depth  weighting  was  employed  to  yield  a flat  amplitude  response  for  the  expansion  lines  and 
Hamming-weighted  amplitude  response  for  the  compression  lines. 

Following  the  initial  fabrication,  the  phase  response  of  each  device  was  tested  and  a phase 
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compensation  was  generated  and  metalized  in  the  region  between  the  grating  (Fig.  V-7). 

Before  internal  phase  compensation  was  added,  the  measured  phase  deviation  from  ideal 
quadratic  response  showed  a cubic  error  component  believed  to  be  related  to  material  nonuni- 
formities. Phase  distortion  contributed  by  the  transducer  response  is  known  to  be  negligible. 

In  addition  to  this  cubic  component,  each  dispersive  delay  line  contained  a more  rapidly  varying 
periodic  component  reproducible  from  one  device  to  the  next  which  suggests  a systematic  pat- 
tern error  of  unknown  origin.  Qualitatively,  the  response  described  is  characteristic  of  both 
the  pulse  expander  and  compressor  devices.  Separate  phase -compensation  patterns  were  re- 
quired for  each  device  since  significant  quantitative  variations  existed  between  the  individual 
units. 

The  metal  overlay  pattern  was  also  used  to  align  the  dispersion  slope  of  all  devices  to  the 
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same  value.  Following  phase  compensation,  a slot  was  cut^ between  the  transducers  to  provide 
feedthrough  isolation.  The  finished  device  is  mounted  in  a sealed  package. 

The  CW  frequency  responses  of  the  pulse  expander  and  compressor  are  shown  in  Figs.  V-8(a) 
and  (b),  respectively.  In  these  devices,  direct  electromagnetic  feedthrough  was  reduced  to  a 
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level  more  than  100  dB  below  the  input  signals.  Total  midband  CW  insertion  loss  is  typically 
33  dB,  with  a 1-dB  variation  among  devices.  The  Hamming-weighted  compression  lines  exhibit 
a maximum  deviation  from  an  ideal  Hamming  function  of  approximately  0.5  dB. 

The  pulse  expansion  and  compression  lines  were  tested  in  a pulse -compress ion  circuit.  An 
impulse  applied  to  the  expansion  line  generated  an  expanded  pulse  which  was  gated  over  the 
center  125-psec  interval,  with  no  limiting,  before  the  signal  was  applied  to  the  compression 
lines. 

Typical  pulse -compression  performance  is  shown  in  Fig.  V-9(a-b).  The  shape  of  the  com- 
pressed pulse  is  that  expected  for  a 2.5-MHz  bandwidth  device  which  is  Hamming  amplitude 
weighted. 

The  shoulder  on  the  main  lobe  shown  in  Fig.  V-9(b)  is  approximately  —33  dB  below  the  peak 
compressed  pulse  level.  The  remaining  sidelobes  at  —35  dB  and  below  are  consistent  with  the 
measured  phase  and  amplitude  errors  in  the  devices. 

These  devices  indicate  that  BGO  is  a practical  material  for  RAC  devices,  and  is  particularly 
useful  when  large  dispersion  is  required.  With  proper  care,  problems^  of  alignment,  material 
nonuniformity,  metal  adhesion,  and  temperature  sensitivity  can  be  solved  to  yield  high- 
performance  devices. 

V.  S.  Dolat 
R.  C.  Williamson 
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INSERTION  LOSS  (dB) 


(b) 


Fig.  V-8.  Frequency  responses  of  (a)  pulse  expander,  and  (b)  pulse  compressor. 
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Fig.  V-9.  (a)  Main  lobe  of  compressed 

pulse,  (b)  Double  exposure  of  compressed 
pulse  showing  sidelobe  structiire  with 
35-dB  difference  in  attenuation  between 
exposures. 


D.  STABLE  CW  OPERATION  OF  GAP-COUPLED  Si-ON-Al-O. 

TO  LiNb03  ACOUSTOELECTRIC  AMPLIFIERS  ^ ^ 

There  exists  a need  within  real-time  signal -processing  systems  for  long,  wideband,  non- 
dispersive  delay  lines  of  wide  dynamic  range.  The  ideal  solution  for  SAW  lines  is  to  preserve 
signal  strength  by  providing  noise-free  amplification  continuously  and  uniformly  throughout  the 
delay  period,  in  which  case  the  dynamic  range  achievable  is  that  of  a lossless  line.  We  report 
significant  technological  advances  which  have  been  made  to  improve  such  acoustoelectric 
amplifiers  to  the  point  of  reproducible  CW  operation,  thereby  bringing  closer  to  system  reali- 
zation very  long,  wideband,  nondispersive  delay  lines  of  wide  dynamic  range. 

A photograph  of  an  assembled  device  is  shown  in  Fig.  V-10.  Standard  microelectronic 
techniques  were  used  to  fabricate  four  amplifier  segments  on  each  sapphire  disk.  The  drift 
field  is  established  through  n^  contact  bars  which  have  Cr/Au-metalized  end  pads  to  contact  the 
Au-plated  spring-loaded  probes  incorporated  into  the  rectangular  Plexiglas  crystal -holder. 
Assembly  is  done  in  a filtered  laminar-flow  air  bench,  with  the  silicon-on -sapphire  (SOS)  wafer 
receiving  a brief  buffered- HF  etch  and  water  rinse  prior  to  final  packaging. 

The  desired  gap-height  is  established  by  means  of  ion-beam-etched  LiNbO^  posts  approxi- 
mately 4-jim  square  in  a pseudo-random  array  with  average  row  spacing  of  about  200  jim.  The 
novel  feature  of  this  package  is  the  use  of  the  SOS  wafer  as  a pressurized  diaphragm  to  establish 
\miform  gaps  of  the  order  of  0.1  \un  over  the  0.1-  X 2.0-cm  interaction  region.  The  delay  line 
rests  on  a molded  silicone  gel  which  enables  the  top  LiNbO^  surface  to  become  parallel  to  the 
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Fig.  V-10.  Assembled  SOS/LiNbO^ 
amplifier.  SOS  wafer  is  1.5 -in.  di- 
ameter, 0.01 3 -in.  thick,  with  1-pm 
Si  film  patterned  to  form  four  5-mm- 
long  segments. 


Fig.  V-11.  Internal  gain  and  internal  noise 
figure  vs  voltage  fpr  5-mm-long  amplifier 
segment.  Theoretical  performance  is  cal- 
culated for  parameters:  coupling  gap  of 

0.17  jjim,  mobility  of  800  cm^/V  sec,  sheet 
resistance  of  4 X 105  ohms/square,  and 
10  percent  of  electrons  trapped. 


INTERNAL  NOISE  FIGURE  (dB) 


Si  film  as  pressure  «10  psi)  is  applied.  Both  the  SOS  and  (Y-Z)  LiNbO^  are  commercially 
available. 

A viable  acoustoelectric  amplifier  must  not  only  operate  with  DC  drift  field,  but  it  must 
also  maintain  an  essentially  homogeneous  sheet  of  electrons,  for  only  then  will  optimum  per- 
formance be  realized.  The  achievement  of  maximum  gain  requires  that  the  product  of  sheet 
density  and  drift  velocity  be  constant;  hence,  in  an  inhomogeneous  amplifier  the  conditions  for 
peak  gain  cannot  be  simultaneously  achieved  throughout  the  device.  All  Si  devices  tested  pre- 
viously by  others  evidenced  severe  degradation  at  high  fields  due  to  the  depletion  of  electrons 

near  the  anode  by  intense  transverse  fringing  fields.  Our  new  results  indicate  that  SOS  material 

18  -3 

can  shield  the  electrons  from  such  fringing  fields.  A high  density  (10  cm  ) of  slow  traps 
exists  throughout  the  heteroepitaxial  layer  due  to  crystalline  imperfection.^^  In  addition,  many 
slow  surface  traps  are  formed  when  the  Si  is  stripped  of  oxide  just  prior  to  packaging,  thereby 
pinning  the  Fermi  level  at  about  one -third  of  the  forbidden  gap  above  the  valence  band  and  cre- 
ating a depleted  surface.  The  bulk  and  surface  traps  serve  to  terminate  DC  and  low-frequency 
transverse  electric  fields  and  maintain  amplifier  homogeneity. 

The  experimental  internal  gain  characteristic  at  140  MHz  as  a function  of  drift  voltage  for 
a single  0.5-cm-long  segment  is  indicated  in  Fig.  V-11  which  also  shows  the  measured  noise 
characteristics.  Peak  gain  of  over  21  dB  is  achieved  at  1.05  kV.  This  gain  exceeds  the  con- 
version loss  of  the  transducers,  and  thus  terminal  gain  is  realized  with  a single  section.  The 

gain  curve  is  observed  to  match,  even  at  high  voltage  and  near  the  gain  maximum,  the  charac- 

11 

teristic  calculated  (without  adjustable  parameters)  from  the  full  theoretical  expressions.  Uni- 
formity of  single -segment  characteristics  is  excellent  both  intra-  and  inter-wafer.  The  spread 
among  four  segments  on  a typical  wafer  was  ±0.01  dB/V  in  gain  slope  at  synchronism,  and 
±1.2  dB  in  maximum  gain. 

The  noise  behavior  shown  in  Fig.  V-11  is  the  first  reported  for  DC  operation,  and  is  seen  to 

12 

closely  match  theory  which  attributes  noise  generation  to  fast  traps.  A minimum  noise  figure 
of  7 dB  is  obtained  in  the  region  of  maximum  gain  near  0.8  kV.  In  an  idealized  device  with  no 
fast  traps,  a noise  figure  of  only  2.5  dB  would  be  obtained  at  0.8  kV.  Thus,  the  major  trade-off 
involved  in  utilizing  deep  traps  to  achieve  stable  DC  operation  is  the  inevitable  presence  of 
some  fast  traps  and  the  consequent  generation  of  additional,  but  tolerable,  noise. 

The  dispersion  of  a gap-coupled  structure  must  be  minimized  for  a practical  device.  The 
phase  characteristic  of  the  amplifier  is  essentially  linear,  with  the  major  deviation  over  the 
130-  to  l60-MHz  band  contributed  by  the  transducers.  The  delay  line  alone  has  less  than  6*  rms 
deviation.  A worst-case  condition  for  phase  distortion  occurs  when  all  four  amplifier  segments 
are  operating  at  synchronism.  Under  these  conditions,  the  combined  effect  of  the  four  amplifier 
segments  (a  2 -cm  total  interaction  length)  adds  less  than  0.7®  rms  phase  error. 

The  dynamic  range  over  which  the -amplifier  transfer  fimction  is  essentially  linear  was  de- 
termined by  means  of  a two-tone  test.  Complete  results  for  a 4-segment  unit  operating  at 
1.3  times  synchronism  with  30-dB  electronic  gain  are  indicated  in  Fig.  V-12.  The  acoustic 
sheet  power  at  which  1-dB  gain  compression  occurs  is  12  dB/mm  at  the  output.  With  output 
sheet  power  below  2 dBm/mm,  the  distortion  products  are  more  than  50  dB  below  the  signal. 

An  approximate  efficiency  of  about  1 percent  for  a practical  amplifier  segment  can  be  estimated 
for  operation  with  20 -dB  gain,  7-dB  noise  figure,  and  distortion  products  50  dB  down. 
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ACOUSTIC  INPUT  POWER  (dBm) 


TERMINAL  INPUT  POWER  (dBm) 


Fig.  V-12.  Gain -saturation  and  distortion- 
product- generation  characteristics  for  am- 
plifier with  30-dB  total  electronic  gain. 


Initially  homogeneous  amplifiers  exposed  to  atmosphere  for  several  weeks  were  observed 

1 3 

to  increase  in  resistance  and  exhibit  gain  characteristics  indicative  of  carrier  inhomogeneity. 
Degradation  occurs  because  the  Si  surface  slowly  forms  an  oxide  which  serves  to  annihilate 
many  of  the  surface  states  needed  to  provide  shielding.  Long-term  alteration  of  the  amplifiers 


might  be  prevented  by  sealing  them  in  a hermetic  package.  This  procedure  is  being  tested. 
Other  approaches  would  be  to  permanently  pin  the  Si  surface  by  creating  a high  density  of  sur- 
face states  with  ion  implantation,  or  to  deposit  an  oxidation  barrier  such  as  Si^N^  over  the  Si 
film. 

R.  W.  Ralston 
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